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ABSTRACT

Thin carbon films including sputtered deposited graphite and CO2 laser-assisted
combustion-flame deposited graphite and diamond thin films were characterized using
optical and electron microscopy, X-ray diffraction and micro-Raman spectroscopy.
Amorphous carbon thin films were deposited by DC magnetron sputtering using
Ar/O2 gases. The film morphology changed with the oxygen content. The deposition
rate decreased as the amount of oxygen increased due to oxygen reacting with the
growing film. The use of oxygen in the working gas enhanced the crystalline nature of
the films.
Graphite was deposited on WC substrates by a CO2 laser-assisted O2/C2H2
combustion-flame method. Two distinct microstructural areas were observed; an inner
core of dense material surrounded by an outer shell of lamellar-like material. The
deposits were crystalline regardless of the laser power and deposition times of a few
minutes.
Diamond films were deposited by a CO2 laser-assisted O2/C2H2/C2H4
combustion-flame method with the laser focused parallel to the substrate surface. The
laser enhanced diamond growth was most pronounced when deposited with a 10.532 µm
CO2 laser wavelength tuned to the CH2-wagging vibrational mode of the C2H4 molecule.
Nucleation of diamond thin films deposited with and without using a CO2 laserassisted combustion-flame process was investigated. With no laser there was nucleation
of a sub-layer of grains followed by irregular grain growth. An untuned laser wavelength
yielded nucleation of a sub-layer then columnar grain growth. The 10.532 µm tuned
laser wavelength caused growth of columnar grains.
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1. INTRODUCTION

The simplest distinguishing characteristic between diamond and its related
materials (diamond-like carbon) is the type of bonding. The bonding lies between that of
diamond and graphite and can described as elemental (carbon) network solids joined by
covalent bonding. Graphite contains layers of covalently bonded hexagons of carbon
atoms with weak Van der Waals bonds between the layers. Crystalline graphite has a
hexagonal crystal structure and has P63mc symmetry. The carbon atoms in diamond are
covalently bonded by sp3 hybrid bonds that extend throughout the solid in a tetrahedral
framework. Cubic diamond lies in the Fd3m symmetry group.

Figure 1.1. Ternary phase diagram of diamond-like carbon species (from Ref. [1]).

Diamond-like carbon is a term used to classify a variety of carbon species. In general,
these materials are amorphous and may contain 1 at% up to 50 at% hydrogen. The
hydrogenated form (a-C:H) typically contains less than 50% sp3 bonds, while the nonhydrogenated form (a-C or ta-C) may contain as much as 85% C-C sp3 bonds. The
diamond-like carbon (DLC) materials contain a significant fraction of sp3 bonds, which
imparts the mechanical and physical properties similar to diamond such as high hardness
(5-80 GPa), low friction coefficient (<0.01-0.7), visible and IR transparency and
chemical inertness [1].
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1.1. DEPOSITION TECHNIQUES

Diamond and DLC films have been deposited by several different processes based
on chemical (CVD) or physical (PVD) vapor deposition techniques. CVD has been used
to produce synthetic diamond and DLC films. These films have been hydrogenated as
hydrocarbons or used hydrogen gas as the precursor sources. The substrate temperature
was in the range of 800-900°C which limited the type of substrates to those unaffected by
the high temperature [1]. The plasma-enhanced (PECVD) and microwave plasmaenhanced (MPECVD) CVD techniques have been shown to successfully deposit DLC at
lower substrate temperatures (300-500°C) [1]. The combustion-flame CVD method has
been used to deposit diamond films and used a commercial oxy-acetylene torch [2-4].
Other combustion gases have been used [5,6]. A recent application of the process
included the addition of CO2 laser energy [7,8]. An KrF excimer laser has been used in
combination with the combustion flame also [9].
The filtered cathodic vacuum arc (FCVA) process has been used to deposit many
hard thin films like ta-C. These films have a high sp3 fraction approaching 87%, which
contributes to the properties of high hardness and high internal stress that limits the film
thickness. Metals have been incorporated in these films to increase the adhesion and
lower the internal stress. The metal incorporation lowered the sp3 fraction and the stress,
while the hardness remained [10].
Lasers have also been used in the deposition processes in the form of laser
ablation of a graphite target. Amorphous carbon, a-C:H, and microcrystalline diamond
films have been formed in a hydrogen atmosphere on silicon substrates by the pulsed
excimer laser ablation of a graphite target. Higher substrate temperatures produced
superior uniformity as well as a cubic morphology. These temperatures were reported to
be as low as 150°C [11]. In addition, it has been reported that a femtosecond laser
ablation process produced hydrogen free DLC thin films with good scratch resistance,
chemical inertness, and high optical transparency. The films were produced at room
temperature under high vacuum using a polycrystalline graphite disk [12].
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Sputter deposition has been used extensively to deposit DLC films including
direct current (DC), radio frequency (RF), and ion beam deposition. Typically, Ar has
been used as the source gas with a pure graphite target, but reactive sputtering with
hydrocarbon gases has also been done. Variations on dual ion beam sputtering have
shown the ability to deposit highly tetrahedral amorphous carbon (ta-C) at substrate
temperatures below 70°C. This film deposition combined rf magnetron sputtering with
bombardment with energetic (100 eV) Ar ions during deposition. The ratio of Ar ion flux
to neutral carbon flux was approximately five, producing a film density of 2.7 g/cm3 with
a maximum compressive stress of 16 GPa. This produced strong clustering of sp3 carbon
[13].
There have been many instances of RF magnetron sputtered DLC films from a
graphite target. In the case of an inert source gas (Ar), transparent, a-C films with a
structure close to that of amorphous diamond were deposited at room temperature. The
main parameters that affected the films were sputtering power, working pressure, bias
voltage, and substrate to target distance [14]. Another case typically produced a-C films
with 62% sp2 and 38% sp3 content. As the substrate temperature was increased an
ordering of the films was observed, but the sp2/sp3 ratio did not change with temperature,
indicating high thermal stability. In the substrate temperature range of room temperature
to 450°C, the deposition rate varied from 100 nm/h to 1600 nm/h [15].
Asymmetric bipolar pulsed-DC magnetron sputtering produced DLC films at
room temperature using a graphite target and a source gas of Ar with 7.5% methane. A
DC bias was applied to the substrate, which affected the deposition rate, intrinsic
compressive stress, and abrasive wear. Pulsed DC power increased the plasma ionization
compared to RF power, resulting in higher ion and electron density, producing more
energetic carbon species [16].
Other studies on the effect of substrate bias with DC magnetron sputtering
produced pure a-C films with a constant versus a graded bias [17]. The bias-graded
deposition lowered the coefficient of friction by 20% and doubled the adhesion of the
film. The effect of the source gas was studied with DC magnetron sputtering using a
graphite target with Ar/C2H2 and Ar/CH4 gas mixtures. In both cases when the partial
pressure of the hydrocarbon was increased the atoms bonding configuration was
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modified. The lower molecular weight hydrocarbon (CH4) produced superior films,
which may make it more attractive for use in MEMS applications [18]. Another case
involved the addition of nitrogen to a mixture of argon and methane. The increased
nitrogen content increased the deposition rate and dielectric constant [19].

1.2. EFFECT OF OXYGEN ON DIAMOND AND DLC GROWTH AND
DEPOSITION

Hydrogen plays an important role in the growth of synthetic diamond, but recent
research suggests that oxygen may also prove useful [20-23]. The oxygen present during
DLC deposition will preferentially etch away the sp2 species present leaving sp3 and a
more diamond-like film [24, 25]. Similar to use of hydrocarbons as source gases for the
deposition of diamond and DLC, oxygen has been used with a variety of deposition
techniques. The most popular technique has been laser ablation. An experiment with a
KrF excimer pulsed laser deposition (PLD) utilizes the laser ablation of a graphite target
in a low-pressure (0.15 Torr) oxygen atmosphere [23]. The technique produced
epitaxially grown high quality diamond crystals on sapphire without diamond seeding of
the substrate at temperatures below 600°C. The researchers concluded that the oxygen
gas played a role in the preferential etching of the graphitic phase. A similar experiment
produced hexagonal and cubic diamond in a non-uniform, discontinuous film with
particle sizes in the nanometer range. X-ray diffraction confirmed the presence of cubic
and hexagonal diamond. The growth conditions for diamond deposition were more
critical in the presence of oxygen compared to previous work in a hydrogen atmosphere.
The important parameters were substrate temperature, the oxygen pressure and the “mold
effect” of the sapphire [20]. In addition to traditional PLD, plasma-assisted PLD
(PAPLD) has produced a-C thin films. An oxygen RF plasma with an ArF excimer laser
was used to deposit nanometer-sized particles up to an sp3 content of 58% at a substrate
temperature of 410°C. Nanocrystalline diamond films have been deposited by KrF
excimer laser PLD and PAPLD with a graphite target on silicon and sapphire substrates
[22]. The substrate temperature ranged from 20-660°C and the working pressure ranged
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from 1-270 Pa [22]. XRD of the films revealed no peaks attributed to diamond, but
Raman spectroscopy showed nanocrystalline diamond features.
Amorphous carbon and diamond films were deposited at temperatures lower than
500°C by MPECVD with the addition of oxygen to the precursor of CH4/H2 [21]. Water
cooling or decreasing the gas pressure and microwave power were used to achieve the
substrate temperatures below 500°C. The research concluded that the addition of oxygen
was instrumental to the ability to lower the critical temperature for diamond growth,
improving the quality of the Raman peaks, and increased film transparency.
The sp2/sp3 carbon ratio and surface chemistry of detonation-synthesized
nanodiamond powders has been controlled by selective oxidation in air. Amorphous and
graphitic carbon species were selectively removed from nanodiamond powders with an
optimal temperature range of 400-430°C. XANES results indicated an increase in sp3
content from 23-81% for a selected sample, which is a purity approaching that of
microcrystalline diamond. This process also allowed metal impurities encased in carbon
prior to oxidation to be removed by treatment in diluted acids after oxidation [25]. An
experiment of the oxygen plasma etching of magnetron sputtered DLC films (a-C and aC:H) showed Raman results indicating oxygen reactive ion etching (RIE) preferentially
etched the non-crystalline carbon atoms. The remaining film had higher sp3 content [24].
The combustion-flame CVD method relies heavily on the oxygen to fuel ratio
regardless of the hydrocarbon used for the fuel. A theoretical prediction of the suitable
O2/C2H2 ratio and substrate temperature ranges for diamond deposition discovered that
the widest temperature range existed when the oxygen/fuel ratio was approximately one
[26]. Additionally, the researchers discovered that diamond synthesis was
thermodynamically favorable at O2/C2H2 > 1.1, but the deposition rate (kinetically) may
be very low comparatively. Another study investigated the fuel/oxygen ratio for
premixed oxygen-acetylene and oxygen-ethylene flames [6]. Raman spectroscopy of the
films indicated that diamond formed over a range of temperatures when the flame was
neutral (O2/fuel ~ 1.0). Graphite formation was promoted with lower oxygen/fuel ratios
and higher substrate temperatures, while lower substrate temperatures and oxygen/fuel
ratios favored amorphous carbon growth.
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1.3. APPLICATIONS

The various deposition techniques produce films with different properties
applicable to a wide variety of uses. When DLC films are deposited by sputtering,
another material can be co-sputtered such as Ti or Al. These additions created a
nanocomposite and increased the adhesion of the films [17]. Metals have typically been
added to DLC films to lower the internal stress of the films. Reactive DC magnetron
sputtering has been used to produce metal containing DLC films (Me-DLC). Transition
metals or transition metal carbides in conjunction with acetylene produced films with
composition and structure nearly identical to films produced by the glow discharge with
similar mechanical and tribological properties. This process could be up-scaled due to
the economic viability in the lower cost of graphite [27]. There have been several
instances of “doping” of DLC films. Metals such as titanium have been added by ion
implantation to alter the tribological properties [28]. The addition of silicon in DLC
films has been shown to be a successful etch stop for oxygen reactive ion etching of
DLC, as well as lowering film stress and increasing biocompatibility [29].
There has been interest in using DLC materials in integrated circuit fabrication as
low-k dielectrics (k<4.0), as components in microelectromechanical systems (MEMS)
[30], and as an antireflective coating [31]. Dielectric films include the incorporation of
fluorine into amorphous carbon films. The dielectric constant (k) for the films was varied
between 2.7 and 3.3. The thermal stability of the films correlated with the dielectric
constant; as k decreased the films became less stable at high temperature (~400°C) [32].
DLC films have also been investigated as a hard coating and a resist material for
lithography [33]. Amorphous carbon films with high sp3 content and smooth surfaces
were determined to be suitable for MEMS applications. Thin DLC films were used as
antireflective and protective coatings on GaAs devices. The films had excellent adhesion
and increased the IR transmittance and microhardness when compared to an uncoated
substrate [31].
DLC, a-C, and ta-C films have found uses in the biomedical field as possible
biocompatible coatings on stainless steel components. Films between 50nm and 100nm
were found to stimulate less inflammatory activity than uncoated materials [34]. Nitinol

7
(NiTi) alloys that are used in biomedical applications due to its shape memory,
superelasticity, and biocompatibility have been coated with DLC films. The films
suppressed the diffusion of Ni atoms. In addition, coated NiTi samples showed increased
corrosion resistance and hemocompatibility compared to uncoated samples. The DLC
films also appeared to have no effect on the transformation temperature and
superelasticity of the NiTi [34].
Diamond-like carbon (DLC) films have been shown to possess tribological
properties similar to diamond such as high hardness, wear resistance and low coefficient
of friction. DLC films have been used as protective coatings for various substrates
including ceramic, glass [35], various steel and titanium alloys [36-38].

1.4. CHARACTERIZATION

The characterization of amorphous carbon thin films uses a myriad of techniques
to determine the bonding nature of the carbon atoms as well as structural and mechanical
properties. One of the most commonly used techniques is Raman spectroscopy due to its
ability to distinguish between different forms of carbon (sp2 and sp3) and the fact that it is
non-destructive [39]. Raman spectroscopy is used to examine quantized molecular
resonances by the observation of transitions between vibrational energy levels caused by
inelastic scattering of high-energy photons. The Raman spectrum for diamond (sp3
carbon) shows a single peak at 1332 cm-1. The distinguishable types of sp2 carbon are
crystalline graphite and disordered or microcrystalline graphite. The spectrum for
crystalline graphite shows a peak at 1580 cm-1, while the spectrum for disordered
graphite shows two broad peaks at 1580 cm-1 and 1350 cm-1. Some peak position shift
and linewidth fluctuation can occur due to film stress, sample temperature, or due to
disorder in the bonding environment [40].
X-ray diffraction (XRD) is a non-destructive technique used to determine the
crystalline structure and confirm diamond synthesis. In addition, XRD can provide
quantitative measurements of d-spacings and information about preferential orientation,
residual strain and grain size. Amorphous or nanocrystalline films may yield little to no
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information due to their small grain size which results in broad peaks in the XRD
spectrum [40].
Several techniques can be used to investigate the bonding characteristics of these
films including x-ray photoelectron spectroscopy (XPS). XPS is a surface chemistry
technique used for determining the chemical binding of atoms. X-rays incident on the
sample interact with atoms via quantum energy absorption causing the ejection of an
inner shell electron. The kinetic energy of this electron is related to the binding state
(binding energy) of the atom. The peak intensities from the XPS spectra can be used to
obtain quantitative information, but peak ratios are more reliable [40]. The sp2 and sp3
components in carbon films can be determined from the C 1s core photoelectron peak
that is near 285 eV [28,41]. The absolute values of these peaks are somewhat subjective
and dependent on the individual instrument, but the separation of the sp2 and sp3 peaks is
generally accepted to be ~ 1 eV. Other characterization techniques such as electron
energy-loss spectroscopy (EELS) and nuclear magnetic resonance (NMR) can be used to
determine the sp3 content in the films.
Microscopy techniques used to characterize carbon films include scanning
electron (SEM), transmission electron (TEM) and atomic force (AFM) microscopy.
SEM is used to investigate the surface morphology of the films including the crystallite
size and faceting. Amorphous and microcrystalline films may appear featureless. Energy
dispersive spectroscopy (EDS) conducted with the SEM may provide information about
non-trace elements in the films. AFM provides a high magnification three-dimensional
image of a solid surface and can examine the film morphology, roughness, and grain size.
TEM can be difficult to employ with bulk samples since the sample must be electron
transparent, but thin films can be readily observed. TEM can yield pertinent information
about grain boundaries and growth interfaces and electron diffraction can be used to
determine lattice parameters [40].

Mechanical properties such as hardness and elastic

modulus of carbon films can be determined by nanoindentation. Substrate effects can be
difficult to avoid during indentation, thus scratch testing is a useful alternative for
mechanical and adhesion properties [42]. Optical properties of these films can be
determined by Fourier transform infrared spectroscopy (FTIR), IR transmittance, or
ellipsometry.
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1.5. RESEARCH OBJECTIVE

Based on the success of the laser ablation to produce diamond-like films,
sputtering has the potential to deposit diamond-like thin films in the presence of oxygen
by investigating the process atmosphere. The process atmosphere relates to the precursor
gases used to supply carbon and oxygen atoms to react with the carbon atoms removed
from the surface of the sputtering target. This atmosphere must be controlled such that
the critical combination of C and O is reached to facilitate the formation of sp3 bonds
(characteristic of diamond) and the etching of sp2 bonds (characteristic of graphite). The
chemical bonding nature of the films will be investigated by x-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. The sputtering power must be optimized
such that deposition rate, dissociation and ionization of the reactant gases may be
controlled. Determining the effect of the substrate temperature on the nucleation and
growth of the film will allow for tailoring film properties such as surface morphology and
crystallinity characterized by electron microscopy techniques.
The research efforts will also include the characterization of films from a
deposition process that is a laser-assisted combustion-flame CVD method deposited at
the University of Nebraska-Lincoln. The films are deposited in open atmosphere.
Characterization techniques including scanning electron microscopy (SEM), transmission
electron microscopy, x-ray diffraction, x-ray photoelectron spectroscopy and focused-ion
beam (FIB) manufactured scanning transmission electron microscopy (STEM) will be
used to correlate precursor and process conditions in terms of the deposited phases, film
morphology. The characterization will allow for the study of the relationship between
process parameters and film microstructural development.
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Abstract
Oxygenated amorphous carbon thin films were deposited by DC magnetron
sputtering using various argon and oxygen gas mixtures in the process gas. The X-ray
diffraction data indicated that the predominantly amorphous films had more defined
peaks with a higher partial pressure of oxygen. Scanning electron microscopy revealed
that the morphological features of the films increased with the addition of oxygen. The
film surface chemistry was examined by X-ray photoelectron spectroscopy where
increased oxygen content was found with higher levels of oxygen in the working gas.
Growth rate (deposition rate) decreased as the amount of oxygen increased due to oxygen
reacting (etching) the growing carbon film. Raman spectroscopy results suggested that
the increased oxygen in the process gas and films led to a higher percentage of sp3bonded carbon atoms. Results indicated that use of oxygen in the working gas enhanced
the crystalline nature of the films.
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Introduction
Amorphous carbon (a-C) or diamond-like carbon (DLC) thin films are
engineering materials with many unique properties such has high hardness, density,
electrical resistivity and corrosion resistance [1-5]. DLC films have various technical
applications as protective coatings on magnetic hard disks, razor blades and biomedical
components and as low-k dielectrics and microelectromechanical systems (MEMS)
devices [6]. The films are comprised of an amorphous network of sp2 bonded carbon
with islands of sp3 bonded material. It is the fraction of sp3 bonds which impart the
physical properties reminiscent of diamond [7].
The films can be deposited by a variety of methods including plasma-enhanced
chemical vapor deposition (PECVD) [8], laser ablation [9] or sputter deposition [10-15]
from a graphite target. Typically, argon gas is used during sputter deposition, but
reactive gases such as C2H2 and CH4 have been added [14,15]. The hydrogenated DLC
films may contain up to 50 at% hydrogen, but be comprised of less than 50% sp3 bonds.
Conversely, the non-hydrogenated films may contain 85% or more sp3 bonds. Some
research has investigated the use of oxygen in the deposition of DLC films using various
methods including CVD [8] and pulsed laser deposition [16]. The post-treatment of a-C
films with an oxygen plasma [17] has been studied as well as oxidation of non-diamond
species in a furnace [18]. The consensus was that the oxygen preferentially etches away
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the sp2 species in the films leaving a higher fraction of sp3 bonds. Little work has
focused on the impact of oxygen during the sputter deposition process.
The work presented here investigates the use of oxygen in the room temperature
reactive DC magnetron sputter deposition of a-C thin films. It shows the effect of the
oxygen partial pressure in the sputtering gas mixture and subsequent oxygen content in
the film on the structure and bonding of the film. Also included is a discussion of the
film growth rate, surface chemistry and morphology of carbon films sputtered in an
Ar/O2 atmosphere.
Material and Methods
Carbon thin films were deposited onto Si substrates by DC magnetron sputtering
of a graphite target. The substrates were cleaned by a standard wet chemical wafer
cleaning procedure. The base vacuum was approximately 5 x 10-7 Torr and the total
working pressure was maintained at 2 and 5 mTorr. The sputtering gas was high-purity
(99.999%) argon. The partial pressure of oxygen in the working gas was variable at
levels of 5, 10 and 25% of the total working pressure. A film was deposited with only Ar
for comparison. The films were deposited at a power of 300 W for 1.5 - 3.0 hours to
obtain films of at least 100 nm for characterization.
The film thickness was measured with a Tencor Alpha-step 100 profilometer.
The film structure was studied with X-ray diffraction (XRD) using a Philips X-Pert X-ray
diffractometer operating in glancing angle mode with Cu Kα radiation. Surface
roughness measurements were obtained using a Veeco Dimension V Scanning Probe
Microscope. The system's atomic force microscope (AFM) was used in tapping mode to
obtain RMS roughness measurements. The film structure and morphology was further
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studied using scanning electron microscopy (SEM) with a Hitachi S-4700 Field Emission
Scanning Electron Microscope (FESEM). The surface chemistry of the films was
investigated with X-ray photoelectron spectroscopy (XPS) using a Kratos Axis 165 with
a Mg source. Micro-Raman spectroscopy was conducted with a Horiba ARAMIS
system. The Raman spectra were measured using the 632.8 nm wavelength of a He-Ne
laser in the range of 50-2000 cm-1. After 13-point Savitzky-Golay smoothing and manual
linear background subtraction the spectra were fitted with multiple Gaussian curves.
Results and Discussion
The effect of the oxygen partial pressure in the working gas on the deposition
rate, at both 2 and 5 mTorr working pressures, is shown in Figure 1. The effect of the
oxygen content on the deposition rate at each working pressure showed a similar trend.
The highest rate (~250 nm/hr) occurred when no oxygen was added to the sputtering gas.
At both working pressures, with the addition of only 5% O2, the deposition rate was
decreased by as much as one-half (~125 nm/hr). There was little change in the rate when
the oxygen content was doubled to 10%. The addition of 25% O2 at 2 mTorr yielded a
deposition rate of approximately 125 nm/hr, but there was no measurable film deposited
at 25% O2 and 5 mTorr despite a visible plasma during deposition. It was also evident
that the deposition rate decreased when the working pressure was increased from 2 mTorr
to 5 mTorr with the exception of the Ar only case. The decreased deposition rate could
be attributed to an oxide build-up on the surface of the graphite target which resulted in a
condition known as target poisoning. The target poisoning phenomenon is a known
complication of the reactive sputtering technique [19, 20] where a more resistive oxide
layer on the surface of the target exhibits a significantly lower sputtering yield and target
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self-bias compared to the elemental target. However, a decrease in the target self-bias
was not seen in the work presented here which suggests that there is another cause for the
reduced deposition rate such as the oxygen reacting with the carbon in the vapor phase or
on the growing film surface.

Glancing angle XRD techniques were used for phase identification of the asdeposited films. The XRD spectra of the deposited films are shown in Figure 2. For a
baseline comparison, the films deposited without oxygen at both working pressures were
characterized and the XRD spectra are shown in Figure 2(a). The spectra showed the
films to be amorphous. Several film deposition conditions exhibited broad peaks and are
presented in Figures 2(b) – 2(e). A broad peak at ~28° was identified in the spectra for
the films deposited with 5% and 10% O2 at 2 mTorr, Figure 2(b) and 2(d) respectively.
The peak corresponds to the graphite (002) plane. When the oxygen was increased to
25% at 2 mTorr, a broad peak at ~48° became evident in the spectra (Figure 2(e)). That
peak was also visible in the spectra from the film deposited with 5% O2 at 5 mTorr,
which corresponds to the graphite (101) plane. The XRD results suggest that the addition
of oxygen to the plasma during deposition caused some structural changes in the form of
more highly ordered (crystalline) species. There is no basis for the oxygen to improve
the crystallinity in the films, though it is possible that the oxygen preferentially etched the
amorphous species prior to the more highly-ordered species in the film. The crystalline
features of the selected XRD spectra from films deposited with oxygen in the plasma
were considered significant.
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Scanning electron microscopy was used to determine changes in film
morphology caused by the amount of oxygen in the deposited films. Carbon thin films
sputter deposited at room temperature are generally smooth and exhibit the Zone 1
structure proposed by Thornton [21]. The XRD spectra from the films deposited with 5,
10 and 25% O2 at 2 mTorr as well as the film deposited with 5% O2 at 5 mTorr suggests a
higher order arrangement. The SEM images from the selected films are shown in Figure
3 and are similar to other reactively sputtered carbon thin films [22-24]. The films
deposited with Ar only were smooth and essentially featureless, as very little surface
topography was detected. The film deposited with 5% O2 at 2 mTorr (Fig. 3(a)) shows a
smooth, predominantly featureless film very reminiscent of the films deposited with only
Ar. The morphology became coarser when the working pressure was increased to 5
mTorr, as shown in Fig. 3(b). Irregularly-shaped agglomerated particles less than 50 nm
in size were visible. When the parameters were adjusted to 10% O2 and 2 mTorr, there
was another change in the morphology to more rounded particles (Fig. 3(c)) that were
also less than 50 nm in diameter. Finally, at the highest percentage of oxygen (Fig. 3(d))
there was a slight change to more equiaxed, almost spherical particles that were similar to
metallic sputtered films [24]. The reasons for the changes in morphology are difficult to
discern, but do correlate with the XRD findings in that the films with the most surface
topography had the most predominate diffraction peaks in the XRD spectra. As
suggested previously, the decrease in the measured film thickness was linked to the
possibility of oxygen etching away material on the surface of the growing film. It is also
possible that the oxygen etching was responsible for the increased surface topography, as
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the surface features were similar in appearance to DLC and amorphous carbon films
exposed to mixed Ar/O2 plasmas [17, 25].

Further investigation of the surface effects included using AFM to determine the
surface roughness. Figure 4 provides AFM images over an area of 1 µm x 1 µm and
corroborates several of the morphology observations made through SEM surface
characterization. For instance, the well rounded particles in Figure 3(c) are also clearly
shown in Figure 4(c). The surface roughness for each of the four selected films was
taken from four different locations. The average RMS values ranged from 0.87 nm (5 %
O2 and 2 mTorr), 0.76 nm (5 % O2, 5 mTorr), 1.30 nm (10 % O2, 2 mTorr) and 0.34 nm
(25 % O2, 2 mTorr). The trend in the surface roughness seemed to correspond with the
SEM images in that the film with the most surface topography had the highest RMS
value (10% O2 at 2 mTorr). The decrease in the surface roughness for the films deposited
with oxygen may be another indication that the carbon films were etched (Figure 4(d)).

From the SEM images and AFM data alone it was difficult to determine whether
the oxygen affected the growth mechanism of the film as opposed to just the film surface.
Surface chemistry analysis of the deposited films was investigated by XPS. The films
were Ar sputter cleaned for 60 seconds in the XPS chamber prior to examination in order
to remove any surface contamination. XPS spectra for selected samples are shown in
Figure 5. The spectra from the C 1s electron for each sample exhibited a broad,
asymmetric peak that was resolved by two curves. The first curve was centered at 285
eV for each sample and was assigned to the C-C bond. Research has shown that this
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curve can be separated into two curves and can be used to delineate between sp2 and sp3
bonded carbon atoms [26-28]; however, that approach was not taken here due to the
subjective nature of that analysis. The second curve was centered at approximately 286.2
eV and assigned to C-O bonding [29-31]. The summary of the chemical quantification
analysis is shown in Table I. There appeared to be some oxygen contamination in the
films deposited with only Ar that was most likely nascent oxygen that was not removed
by the Ar sputter cleaning. There was a general trend that as the oxygen content in the
plasma increased the oxygen content in the film increased, especially at 2 mTorr. At a
the working pressure of 5 mTorr, the highest oxygen content was found with 5% O2 in
the plasma. The cause of the lower oxygen content in the 5% O2 at 10 mTorr film is
unclear, but it is possible that a saturation limit was reached. The trend lends credence to
the earlier assertion that the morphological and structural changes in the films were due
to the presence of oxygen.

The Raman spectra of the carbon thin films deposited with varying amounts of
oxygen are shown in Figure 6. In general the spectra all have a shape typical of
amorphous carbon or DLC films sputter deposited from a graphite target at room
temperature. Specifically, each spectrum exhibits a relatively broad band ranging from
900 cm-1 to 1800 cm-1 and centered near 1460 cm-1 [32, 33]. The broad band was fitted
with two Gaussian peaks corresponding to the G peak (1560-1580 cm-1) and the D peak
(~1380-1400 cm-1). Both the G and D peaks are caused by vibrations from only sp2 sites
in the films. The G peak is due to bond stretching of pairs of sp2 atoms while the D peak
is due to breathing modes of carbon rings [33] and bond disorder [34]. Consider the
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changes in the shape of the spectra from the films deposited at 2 mTorr and shown in
Figure 6(a). As the oxygen was increased from 0% to 25%, the width of the broad band
decreased and a pronounced shoulder from the D peak became visible (especially in the
10% and 25% spectra). A similar trend was visible in the spectra from the films
deposited at 5 mTorr, shown in Figure 6(b). There is a significant change in the spectrum
of the film deposited with 5% O2 at 5 mTorr where it appeared that a doublet was
forming.
The visible Raman spectrum from a-C is said to depend on clustering of the sp2
phase, bond disorder, presence of sp2 rings or chains and the sp3/sp2 ratio according to
Ferrari and Robertson [34]. A proposed phenomenological three-stage model of an
amorphization trajectory, ranging from pure graphite to ta-C (ta-C is defined as a DLC
with upwards of 85% sp3-bonding), based on variations of the G-peak position and ID/IG
ratio (integrated peak intensities from the D and G peaks) [34, 35] was used to explain
the phenomena from the Raman spectra from the oxygenated films. The three stages are
as follows: (1) graphite to nanocrystalline graphite, (2) nanocrystalline graphite to a-C
and (3) a-C to ta-C (~100% sp3 or defected diamond). The plot of the ID/IG ratio and G
peak position versus the amount of oxygen in the films is shown in Figure 7. In general,
the intensity ratio decreased, while the G peak position increased, with the oxygen
content of the film. According to the model, the results indicate the films lie in the third
stage, where there is an increase in the sp3 content. The plot of the ID/IG does appear to
level out or even begin to rise suggesting that the addition of too much oxygen leads to
graphitization.
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Conclusions
Carbon thin films were reactively sputtered in an Ar/O2 gas mixture. The
deposition rate decreased with increasing O2 partial pressure and the system working
pressure. X-ray photoelectron spectroscopy of C 1s spectra taken from the films
exhibited broad peaks that were separated into components corresponding to C-C and CO species and indicated that there was retained oxygen in the films. X-ray diffraction
results revealed the films were predominantly amorphous with broad peaks indicative of
a nano-crystalline phase. The crystalline features in the spectra were only evident when
oxygen was added to the process gas. The RMS surface roughness values varied between
0.34 and 1.30 nm. Scanning electron microscopy of the films indicated a surface
morphology change with changes in the oxygen content of the films. As the oxygen
content in the plasma increased, the surface features of the films became more defined.
Raman spectroscopy showed a change in the spectra with increased oxygen and a
decreasing ID/IG ratio indicated a higher percentage of sp3-bonding in the films. The
characterization results revealed that the oxygen affected the deposition and growth of the
amorphous carbon thin films. There was a consistent trend with the films that the
increasing oxygen content enhanced the long-range order in the films while suppressing
the more amorphous species.
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Figure 1: Deposition rate versus percentage of O2 for a given working pressure.
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(a)

(b)

(c)

(d)

(e)

Figure 2: Comparison of XRD spectra for selected samples and the crystalline features.
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(a)

(b)

(c)

(d)

Figure 3: SEM images from selected films deposition parameters (a) 5% O2 – 2 mTorr,
(b) 5% O2 – 5 mTorr, (c) 10% O2 – 2 mTorr and (d) 25% O2 – 2 mTorr.
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(a)

(b)

(c)

(d)

Figure 4: AFM images showing morphology of carbon thin films deposited under
varying oxygen partial pressures (a) 5% O2 - 2 mTorr, (b) 5% O2 - 5 mTorr, (c) 10% O2 2 mTorr, and (d) 25% O2 - 2 mTorr. All images are 1 µm × 1 µm. The black to white
grayscale is 15 nm in (a) through (c) and 6 nm in (d).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5: XPS spectra of C 1s from films deposited with (a) 0% O2 at 2 mTorr, (b) 0% O2
at 5 mTorr, (c) 5% O2 at 2 mTorr, (d) 5% O2 at 5 mTorr, (e) 10% O2 at 2 mTorr, and (f)
25% O2 at 2 mTorr.
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Table I: Summary of oxygen content from XPS chemical quantification
Working Pressure (mTorr)

2

5

% O2 in plasma

O in film (at%)

0

3.0

5

3.8

10

5.2

25

6.5

0

2.9

5

6.4

10

4.7
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(a)

(b)

Figure 6: The Raman spectra from the carbon films deposited at (a) 2 mTorr and (b) 5
mTorr.
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Figure 7: Variation of the ID/IG ratio and G peak position with oxygen in the sputtering
gas at both working pressures.
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Abstract
High deposition rate, 750 µm/minute, crystalline graphite was deposited on WC
substrates by a CO2 laser-assisted combustion-flame method at laser powers between 300
and 800 W. The structures, which were identified as pillars, were characterized by
various methods. The pillars were cylindrical in shape and grew to a size of
approximately 3 mm in length and in a few minutes. The laser power did not affect the
overall length of the pillar, but caused changes in the physical shape. X-ray and electron
diffraction results revealed the pillars to be crystalline graphite regardless of the laser
power. Investigation of the pillars by scanning electron microscopy showed two distinct
microstructural areas: an inner core of dense material surrounded by an outer shell of
lamellar-like material. The core/shell microstructure was unaffected by the level of CO2
laser power.
PACS : 81.05.Uw; 81.16.Mk; 68.37.Hk
Keywords: high deposition rate; crystalline graphite; laser-assisted combustion-flame
deposition
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1. Introduction
Diamond is a promising material in many applications because of its excellent
wear resistance [1], thermal conductivity, electrical and optical properties. Diamond films
are deposited in many ways including laser ablation [2,3] and plasma discharge [4,5], but
chemical vapor deposition (CVD) is the foremost technique for diamond synthesis.
Several CVD based methods are also employed such as hot filament techniques [6,7],
plasma enhanced CVD (PECVD) [8,9] and the use of a combustion-flame [10-16]. The
most significant contribution towards synthesis of diamond at atmospheric pressure by
use of oxygen-acetylene combustion-flame came through the work of Hirose [17,18]. The
method introduced by Hirose et.al., has been widely reported because of its simplicity
and cost effectiveness, with possibly the high growth rate of 100-200

µm
hour

[19]. A body

of work followed which expanded on this initial discovery with identification of accurate
experimental conditions [11,13], growth of diamond at less than atmospheric pressures
[20], in situ measurements to identify the chemical species present in the transformation
during this process [10,18], and deposition of diamond films with high resistivity [15].
Snail et.al comprehensively studied diamond crystal morphology through examination
using Raman spectroscopy and scanning electron microscopy as a function of
oxidizer/fuel ratio and substrate temperature. The generally accepted C2H2/O2 gas ratio
for diamond growth is 0.9-1.2 [16] in the temperature range of 400-1200oC [21].
The search for higher deposition rates led to the investigation of many other
techniques. Primarily techniques such as direct current (DC) plasma [5] and DC plasma
jet [22] were explored without achieving any significant increase in the deposition rate as
compared to that of the combustion-flame process. In fact, a new hot filament process

36

reports a growth rate of 9

µm
hour

which is 9 times higher than a conventional hot filament

CVD process [23].
In this study, a unique approach of combining the combustion-flame deposition
process with CO2 laser energy was explored. The objective was to investigate the
deposition of diamond coatings on tungsten carbide substrates. The combination of the
CO2 laser energy with the oxy-acetylene combustion-flame results in the creation of a
plasma and the presence of ionized species which lead to deposition of diamond or
graphitic films. Previous work by our group demonstrated that CO2 laser irradiation
during combustion-flame deposition of diamond films raised the local temperature to the
critical point of diamond growth while keeping the rest of the substrate at a relatively low
temperature [24]. It was also found that excessive laser power density leads to the
deposition of amorphous carbon while excessive laser power leads to desorption of the
carbon species and growth of tungsten oxide on WC substrates [24]. In this paper,
polycrystalline graphite pillars deposited by the CO2 laser-assisted combustion-flame
process with varying CO2 laser power were characterized by various analytical
techniques in order to describe and understand the high growth rate at atmospheric
pressure.
2. Experimental details
The key parameters in this process with regards to the combustion-flame method
were the C2H2/O2 gas ratio, total gas flow rate, substrate temperature, and the distance
between the flame’s inner cone and the substrate. For the laser processing, the important
parameters included laser power, wavelength of laser energy source and incidence angle.
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Tungsten carbide (WC) substrates (BC-6S, Basic Carbide Corp) with a cobalt
composition of 6 % were placed on a hollow brass block with water cooling. A
commercial welding torch was secured at an incidence angle of 55o from normal to the
surface of the WC substrate and used to generate a C2H2/O2 combustion flame. The
welding torch had an orifice with diameter of 1.1 mm. The gas ratio of C2H2/O2 was
controlled by mass-flow control system (B7920V, Spec-Air Gases & Technologies). The
inner cone of the flame was in direct contact with the substrate surface. The arrangement
of the torch and laser was described in earlier works [24]. The temperature of the
substrate was monitored by a pyrometer (OS3752, Omega Engineering, Inc). Purities of
the C2H2 and O2 gases were 99.6% and 99.996% respectively. Dimensions of the
substrates were 12.7x12.7x1.6 mm3 with an RMS surface roughness of about 1.6 µm.
The substrates were cleaned in a supersonic bath of acetone for 30 minutes prior to
deposition. A continuous wave (CW) CO2 laser beam (PRC Company, 10.6 µm
wavelength) was focused normal to the substrate surface by a ZnSe convex lens. The
original laser beam diameter was 14 mm and the distance from the substrate to the lens
was 241.3 mm. The focal length of the lens was 190 mm that focused the beam to
approximately 4 mm on substrate surface. The laser power used was varied between 300
W to 800 W in increments of 100 W. The deposition time was between 3 and 4 minutes.
The C2H2/O2 gas ratio was held constant at 1.36 using flowrates of 340 sccm and 250
sccm for the C2H2 and O2 respectively.
The surface morphologies and microstructures were characterized by scanning
electron microscopy (SEM) with a Hitachi S-4700 field emission scanning electron
microscope (FESEM). The nature of the crystallinity and phase identification of the
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pillars was investigated by x-ray diffraction (XRD) using a Philips X-Pert diffractometer
in glancing angle mode. Transmission electron microscopy (TEM) was conducted with a
Philips EM430T STEM. The carbon pillars were removed from the WC substrate and
sectioned for cross-sectional SEM analysis with a commercially available straight-edged
razor. The WC substrates were sectioned using an Isomet 11-1180 low speed saw with
an Allied High Tech Products low concentration diamond metal bonded wafering blade
(5” x .015” x ½”). The TEM samples were prepared by using the razor to shave particles
from the pillars onto 300 mesh copper TEM grids with a carbon type-B support film.
3. Results and discussion
A representative sample of all the pillars was used for the XRD and TEM
characterization. Figure 1 shows a schematic drawing of the pillar on the WC substrate.
Figure 2 presents SEM images of the as-deposited pillars. The material initially
deposited, labeled A in Figure 2, was called the pillar base. The pillar base covered a
circular area approximately 4 mm in diameter on the surface of the WC substrate. The
remaining material, labeled B in Figure 2, was called the pillar. The deposition time
resulted in pillars approximately 3 mm tall, yielding a deposition rate of 750 µm/min that
was orders of magnitude higher than anything previously reported in the literature. The
pillars increased in diameter from the base, vertically towards the combustion-flame. The
material appeared to grow horizontally parallel to the substrate surface to form the pillar
base, and then vertically at an angle parallel to the incidence angle of the torch (i.e. the
combustion-flame). In general, the as-deposited pillars were cylindrical in shape. As the
laser power increased from the lowest level (300 W) to the highest level (800 W), a
depression appeared on the pillar directly beneath the laser beam. The effects of the laser

39
on the shape of the pillar became noticeable at 500 W and caused a deepening depression
as the laser power increased. The effect of the laser power on the shape of the pillar was
clearly evident in Figure 2(b). The radius of curvature of the depression (from plan view)
was similar to that of the pillar’s base material. This was an indication of the laseraffected area of the pillar. The edge of the depression corresponded roughly to the center
of the laser beam, leading to the conclusion that the pillar nucleated directly beneath the
center, and most energetic, portion of the focused laser beam.
Figure 3 shows representative XRD spectra for the pillar and the pillar base
remaining on the WC substrate. The spectra for the pillar exhibited several peaks
corresponding to graphite (JCPDS file 75-1621) thus confirming the crystallinity of the
pillars and pillar base. The range associated with the (002) plane for graphite at 26.25° is
inset. Peaks were identified for the (100) planes (42.249°), (004) planes (54.021°), and
the (110) planes (77.251°). The 26.25° peak was much more intense indicating that the
pillars had a strong (002) texture [25]. This result indicated that despite the difference in
growth mechanism and direction, the pillar and the pillar base had the same crystallinity
and structure. There was a noticeable peak shift between the two spectra. The irregular
and uneven surface topography of the pillar lead to the peak shift, a systematic aberration
known as specimen-displacement error. The effects of the error on the peak are to cause
a shift in 2θ position and asymmetric broadening toward lower 2θ values [26]. The laser
power had no effect on the crystalline structure of the pillars as determined by XRD as all
of the laser power levels resulted in polycrystalline graphite. The diameter of the laser
beam incident on the substrate surface was approximately 4 mm corresponding to the
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diameter of deposited crystalline material, suggesting the integral role of the CO2 laser
irradiation on the high deposition rate.
Transmission electron microscopy was used to investigate the crystallinity of the
interior of the pillars. Figure 4 shows bright-field TEM images from the representative
pillar and a bulk sample of graphite for comparison. Electron diffraction (ED) results
showed ring patterns that indicated the particles taken from the interior of the pillars were
polycrystalline. Other particles exhibited ED patterns indicative of a single crystal or
large-grained material, such as that in Figure 4(c). The inter-atomic spacings (dspacings) were measured from the ring patterns and compared to calculated spacings for
graphite. Table I summarizes the d-spacings for the pillar and the bulk graphite with the
d-spacings for the pillar associated with the (002), (100), and (110) planes. The planes
identified from the d-spacings coincided with the indexed planes from the XRD analysis.
Due to the high deposition rate and the crystalline nature of the pillars additional
characterization was conducted. The entire pillar was removed from the WC substrate
and sectioned approximately 1 mm from the end then examined using SEM in order to
determine the microstructure of the interior of the pillars. Figure 5 shows the SEM
micrographs of the pillar cross-section at a low (400 W) and high (800 W) laser power.
In general, the pillar exhibited two separate components, an outer shell material and an
inner core, labeled A and B respectively, in Figure 5. The core appeared to have a dense
microstructure while the shell had a lamellar-like microstructure in plan view. The crosssection images suggested that the pillars grew radially as well as vertically. The
remainder of the pillar below the initial sectioning was also investigated using SEM.
Figure 6 presents representative SEM images from pillars deposited at 400 W and 800 W
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laser power, respectively. Figure 6(a) more clearly exhibits the shell and core
construction common to all of the pillars. The laser power had no effect on the thickness
of the core versus the shell in that both components were equally affected. It may be
difficult to discern from the limited comparison presented, but it was believed that the
increase in laser power increased the diameter of the pillar and the pillar base. Some
samples were sectioned again in order to determine the location where the pillar was
nucleated. Figure 7 shows SEM images from pillars sectioned a third time. Figure 7(a)
shows the entire sectioned pillar with the shell labeled ‘A’ and the pillar base labeled ‘B’.
The higher magnification image (Figure 7(b)) showed that the shell and core construction
was consistent for the entire length of the pillar down to the pillar base. Another view of
the pillar (Figure 7(c)) showed that the pillar base (‘B’) clearly grew in a direction
perpendicular to the outer shell of the pillar.
Finally, a brief discussion on the temperature effects is warranted. Collectively,
the XRD and SEM data suggests that crystalline graphite was deposited in a manner that
was not as dependent on the substrate surface as it was on the combination of the incident
combustion-flame and laser. Specifically, the C2H2/O2 gas ratio combined with the laser
irradiation and the subsequent localized heating was critical to the high growth rate.
Compared to a phase diagram based on films deposited with more conventional
combustion-flame methods [27], the measured substrate temperature and
oxygen/acetylene ratio was outside the range associated with microcrystalline graphite.
From that it was concluded that the localized substrate temperature at the nucleation sites
was raised due to the CO2 laser irradiation.
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4. Conclusions
Graphite pillars deposited on WC substrates in open atmosphere using a novel
deposition technique utilizing a C2H2/O2 combustion-flame combined with CO2 laser
irradiation were characterized. The deposition rate, 750 µm/minute, was very high for a
crystalline material. X-ray diffraction spectra of the pillars showed that after four
minutes of deposition, the pillars were polycrystalline. Transmission electron
microscopy of the pillars determined that the particles from the interior of the pillars were
generally polycrystalline with some detectable large grains which produced single crystal
electron diffraction patterns. Scanning electron microscopy images showed the pillars
consisted of an inner core of dense material surrounded by an outer shell of lamellar-like
layers. The microstructure was unaffected by the amount of laser power in that it was
found from the top of the pillar down to the base material initially deposited. Increased
laser power caused a shape change in the pillar, producing a depression near the
nucleation site. Additional efforts to investigate the laser effect on substrate and thus the
nucleation of the films leading to the high deposition rate would be beneficial. An
understanding of the growth mechanism may allow for the application of this process to
other materials systems.
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Fig 1. Schematic drawing of as-deposited structure.
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(a)

(b)
Fig.2. SEM micrographs of as-deposited carbon pillars, processed with CO2 laser power
of (a) 400 W, and (b) 800 W showing the pillar base (A) and pillar (B)
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Fig. 3. XRD spectra of carbon pillar and pillar base which shows a (002) graphite peak
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(a)

(b)
Fig. 4. Plan view TEM micrographs with inset electron diffraction pattern of particles
from (a) graphite pillar, (b) bulk graphite, and (c) large grain from graphite pillar
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(c)
Fig. 4. (Continued) Plan view TEM micrographs with inset electron diffraction pattern of
particles from (a) graphite pillar, (b) bulk graphite, and (c) large grain from graphite pillar
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(a)

(b)
Fig. 5. SEM micrographs of cross-sections of CO2 laser-assisted combustion-flame
deposited carbon pillars with laser power of (a) 400 W and (b) 800 W showing the
“shell” (A) and “core” (B)
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(a)

(b)
Fig. 6. SEM micrographs of alternate cross-section of CO2 laser-assisted combustionflame deposited carbon pillars with laser power of (a) 400 W and (b) 800 W showing the
“shell” (A) and “core” (B)
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(a)

(b)
Fig. 7. SEM micrographs of cross-section of CO2 laser-assisted combustion-flame
deposited carbon pillar with laser power of 600 W (a) entire pillar with arrows ‘A’ and
‘B’ denoting areas of interest, (b) higher magnification image displaying the outer shell
labeled ‘A’, inner “core” labeled ‘B’, the pillar base labeled ‘C’ and (c) higher
magnification image contrasting the growth direction of the outer shell labeled ‘A’ and
the pillar base labeled ‘B’ of the carbon pillar
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(c)
Fig. 7. (Continued) SEM micrographs of cross-section of CO2 laser-assisted combustionflame deposited carbon pillar with laser power of 600 W (a) entire pillar with arrows ‘A’
and ‘B’ denoting areas of interest, (b) higher magnification image displaying the outer
shell labeled ‘A’, inner “core” labeled ‘B’, the pillar base labeled ‘C’ and (c) higher
magnification image contrasting the growth direction of the outer shell labeled ‘A’ and
the pillar base labeled ‘B’ of the carbon pillar
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Table I. Summary of measured d-spacings for the carbon pillar with comparisons to a
bulk graphite sample and calculated values
Graphite Pillar

Bulk Graphite

Graphite Standard

(hkl)

3.41

3.36

3.40

(002)

2.14

(100)

2.04

(101)

1.81

(102)

1.70

(004)

1.55

(103)

1.33

(104)

1.24

(110)

1.16

1.16

(112)

1.14

1.15

(105)

1.13

(106)

2.09
2.03

1.74

1.22
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Abstract
Diamond thin films were deposited by a CO2 laser-assisted O2/C2H2/C2H4
combustion-flame process. The effect of the deposition parameters, in particular the laser
wavelength and power, on the film surface morphology, microstructure and phases
present was the primary focus of the work. The laser power was set at 100, 400 and 800
W while the wavelength was varied and set at 10.591 µm in the untuned condition and set
at 10.532 µm to resonantly match the CH2-wagging vibrational mode of the C2H4
molecule when in the tuned condition. When the laser was coupled to the combustion
flame during deposition the diamond film growth was enhanced as the lateral grain size
increased from 1 µm to greater than 5 µm. The greatest increase in grain size occurred
when the wavelength was in the tuned condition. Scanning transmission electron
microscopy images from focused-ion beam cross-sectioned samples revealed a sub-layer
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of smaller grains less than 1 µm in size near the substrate surface at the lower laser
powers and untuned wavelength. X-ray diffraction results showed a more intense
Diamond (111) peak as the laser power increased from 100 to 800 W for the films
deposited with the tuned laser wavelength. Micro-Raman spectra showed a diamond
peak nearly twice as intense from the films with the tuned laser wavelength.

Keywords: diamond thin films; laser-assisted combustion-flame deposition; electron
microscopy; X-ray diffraction; Raman spectroscopy

1. Introduction
Diamond thin films find applications in many areas because of a variety of
material properties including excellent wear resistance, thermal conductivity and optical
transparency [1]. Chemical vapor deposition (CVD) techniques are the preferred method
for diamond synthesis [2-6], along with plasma discharge [7,8]. Physical vapor deposition
(PVD) using laser ablation has also been reported [9,10]. Common among those
techniques is the need for vacuum equipment. The open-atmosphere deposition of
diamond films via a combustion-flame method was first reported by Hirose [11]. The
process has been studied using different gas precursors, including O2/C2H2 combustion
[12,13], O2/C2H4 [14,15] and the O2/C3H6 system [16].
There are a limited number of studies on the use of CO2 laser irradiation in
conjunction with a combustion flame. Han [17,18] and Ling [19] reported the use of a
CO2 laser to enhance diamond nucleation and growth. The O2/C2H2 combustion-flame
process was used with CO2 laser beam incident on the surface of a WC substrate. The
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main effect of the laser energy was believed to be localized heating. It was found that the
laser power and density were important factors influencing the deposition process.
Optimization of those factors improved diamond crystallization and the subsequent
quality of the films based on the characteristic diamond peak intensity from visible light
Raman spectroscopy. Recent research efforts investigated the effect of the orientation of
the incident laser beam from normal to the substrate surface to parallel to the substrate
surface [20,21]. The parallel laser arrangement results in interaction of the laser with the
combustion flame inner core. Also, the addition of a second hydrocarbon gas, C2H4 was
studied. Gebre et.al [22] showed the effect of the laser irradiation on the combustion
flame using the optical emission intensity of the excited species. The researchers
proposed an enhancement in the diamond film quality due to an increase in the
population of excited species responsible for diamond film growth by the coupling of the
laser energy and combustion flame through resonant excitation of the C2H4 molecules.
The energy coupling is thought to be possible due to CO2 laser wavelengths of 10.591
and 10.532 µm being sufficiently close to the infrared absorption band associated with
the CH2-wag vibrational mode of the C2H4 molecule centered at 10.532 µm [20].
In this study, diamond films deposited on WC substrates by a CO2 laser-assisted
combustion-flame method were investigated. The objective was to characterize the effect
of the CO2 laser irradiation wavelength and power on the microstructure of the deposited
films.
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2. Experimental
The experimental setup used to deposit the films was similar to those reported in
other experiments [17-22]. The diamond films were deposited on tungsten carbide (WC)
substrates (BC-6S, Basic Carbide Corp.), with 6% Co binder, placed on a water-cooled
hollow brass block. The dimensions of the substrates were 12.7 mm × 12.7 mm × 1.6
mm with an RMS surface roughness of about 1.6 µm. The substrates were cleaned in a
supersonic bath of acetone for 30 minutes prior to deposition. A commercial welding
torch with a 1.2 mm nozzle diameter was secured normal to the surface of the WC
substrate and used to generate an O2/C2H2/C2H4 combustion flame. The O2/C2H2/C2H4
gas ratio was held constant at 1200:620:620 sccm by three mass-flow controllers
(B7920V, Spec-Air Gases & Technologies). The inner cone of the flame was in direct
contact with the substrate surface. A continuous-wave tunable CO2 laser (PRC
Company) was focused, with a ZnSe convex lens, perpendicular to the combustion-flame
and parallel to the WC surface approximately 2 mm from the WC substrate. The
temperature of the substrate was monitored by a pyrometer (OS3752, Omega
Engineering, Inc.) and maintained at approximately 780°C. The deposition time was 15
minutes. The laser power was 100, 400 and 800 W at both 10.591 and 10.532 µm
wavelengths.
The surface morphologies and microstructures of the deposited films were
characterized by scanning electron microscopy (SEM) with a Hitachi S-4700 field
emission scanning electron microscope (FESEM). Phase identification of the films was
investigated by X-ray diffraction (XRD) using a Philips X-Pert diffractometer in glancing
angle mode. Micro-Raman spectroscopy was conducted with a Horiba ARAMIS system.
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The Raman spectra were measured using the 632.8 nm wavelength of a He-Ne laser. The
films were prepared for cross-sectional microstructure analysis by scanning transmission
electron microscopy (STEM) with a focused-ion beam (FIB) using an FEI Helios
NanoLab 600 FIB/FESEM. The film thickness was estimated from the cross-sectional
STEM images.
3. Results and discussion
The deposited films covered a circular area, in the center of the WC substrate,
approximately 10 mm in diameter (Fig. 1.). The center of the deposited film is labeled as
‘A’ with an arrow. Plan view SEM of as-deposited films at all laser powers and both
laser wavelengths was conducted. The results were similar to previous results [21]. The
films were continuous over the deposition area, completely covering the WC substrate,
and consisted of overlapping, randomly oriented faceted crystals at all process conditions.
Small, white particles were noticeable on the surface of the films and were identified as
cobalt through energy dispersive spectroscopy (EDS) conducted during the SEM
investigation. Cobalt contamination on the surface of the diamond film is a known
complication of depositing on WC(Co) substrates [23-25]. We believe the cobalt is
ablated from the substrate surface by the forceful combustion-flame during deposition
and then redeposited on top of the diamond film after cessation of the flame. Another
possible explanation is that the cobalt diffuses through the growing film, but there was no
evidence to that effect, such as cobalt particles detected during the cross-sectional
investigation. In general, the films were similar in appearance to the films deposited with
the laser wavelength of 10.591 µm in that the surface consisted of randomly orientated,
overlapping faceted crystals with cobalt particles present on the top surface. Comparing
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the grain sizes of the films deposited at different laser wavelengths revealed significant
grain growth in the film deposited with the tuned 10.532 µm laser wavelength, especially
at the higher laser powers (400 and 800 W). The SEM results appeared to agree with the
studies indicating resonant excitation of the gaseous precursors could increase the
population of excited species responsible for diamond formation [20]. If the
manifestation of successful energy coupling is larger grains for the same deposition time,
then it follows that the 10.532 µm wavelength would produce larger grains since it is
closer to the resonant frequency of the CH2-wagging vibrational mode of the C2H4
molecule. The similar grain size at 100 W could be indicative of a critical point in that
more power was needed to excite the precursor species and CH2-wagging vibration that
results in enhanced film growth.

The SEM results showed that the deposited films were comprised of faceted
crystallites. Crystal structures and phases in the films were investigated using XRD. The
X-rays were focused on the area of the substrate covered by the film, a circular region
approximately 8 mm in diameter. Figure 2 shows XRD spectra from the as-deposited
films and has peaks from the WC substrate as well as two peaks associated with diamond
(111) and (220) planes. The spectra from the films deposited with 10.591 and 10.532 µm
laser wavelengths are shown in Figs. 2(a) and 2(b), respectively. All the spectra have the
same general shape regardless of the laser power. A comparison of the diffraction peak
in the 2θ range associated with diamond (111) planes from the films deposited at each
laser power and wavelength is presented in Fig. 3. Two comparisons were made between
the spectra of films: first, the spectrum from the film deposited without laser irradiation
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was compared to the spectra from the films at each laser power, and second, the spectra
from the films deposited with the laser irradiation were compared based on laser
wavelength for a given power. Specifically, qualitative comparisons were made between
diamond (111) peak intensities. At the 10.591 µm laser wavelength, the intensity of the
diffraction peak was essentially unchanged with the addition of the laser irradiation and
increased laser power. However, at the 10.532 µm laser wavelength, there was a
significant increase in the diffraction peak intensity and a sharpening of the peak shape
with increased laser power. That result was attributed to the larger grain size exhibited
by the films at the higher laser powers. At 100 W, the diffraction peak intensity was
virtually identical for the two films. At the higher laser powers of 400 and 800 W, the
peak intensity difference was greater than that at 100 W. The fact that enhancement of
the diffraction peak was more evident at the higher levels of laser power suggests that a
critical laser power was required. The XRD results agreed with the SEM investigation in
that there was an increase in the grain size and diffraction peak intensity of the films
deposited at the different wavelengths at 400 and 800 W laser power.

Micro-Raman spectroscopy of the center of the as-deposited films was used to
investigate the film quality as determined by the shape and intensity of the first order
Raman peak. Raman spectra from all of the deposited films were compared (Fig 4). In
Fig. 4(a) the Raman spectra for the films deposited with 10.591 µm laser wavelength at
100 , 400 and 800 W are presented along with the spectra for the film deposited without
laser irradiation. All of the spectra showed the first order Raman signal characteristic of
diamond above a broad band from 1100 to 1650 cm-1 that was caused by
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photoluminescence. The diamond peak was centered at 1335 cm-1 and a broad band
associated with graphitic carbon (G-band) centered near 1500 cm-1. The integrated peak
intensity of the diamond peak was calculated after 13-point Savitzky-Golay smoothing
and background removal and used to make a quantitative comparison between the
spectra. With the laser power at 100 W the corresponding Raman spectra showed a more
dominant diamond phase compared to the spectra from the film deposited without the
laser. The intensity of the diamond peak increased by nearly a factor of two, while the
FWHM decreased from 18 to 14 cm-1. The peak intensity of the diamond peak from the
film deposited with 400 W was essentially the same as when no laser was used, though
the FWHM did decrease to 16 cm-1. When the laser power was increased to 800 W the
peak intensity was increased by a factor of 3 and the FWHM was 18 cm-1. The
comparison of the Raman spectra from the films deposited with 10.532 µm CO2 laser
wavelength is shown in Fig. 4(b). Similar to the films deposited with 10.591 µm laser
irradiation, the 10.532 µm deposited films yielded Raman spectra with a diamond peak
near 1335 cm-1. The spectra from the films deposited with the CO2 laser exhibited a
diamond peak that was comparably sharper and more intense than the films deposited
without laser irradiation. At the laser powers of 100 and 800 W the diamond peak
intensity increased more than 3 times over the no laser case. The spectra from the film
deposited with 400 W laser energy had the most intense peak which was more than 4
times as intense compared to the no laser case.
The increase in laser power enhanced the diamond film quality at both
wavelengths as evidenced by the increased peak intensity and decreased FWHM.
However, the diamond peak intensity was higher and the FWHM less with the 10.532 µm
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laser wavelength. Based on that comparison of the spectra from the films deposited at the
two different wavelengths it was concluded that the 10.532 µm laser irradiation produced
higher quality diamond films.

Cross-sectional scanning transmission electron microscopy (STEM) was utilized
to investigate the film microstructure, nucleation and features relevant to film growth.
The electron-transparent TEM foils used for the STEM investigation were prepared using
the focused-ion beam (FIB) technique. The FIB technique is a very useful tool for sitespecific investigations of an area approximately 15 µm x 10 µm [26]. Dark-field (DF)
STEM images from films deposited with the untuned 10.591 µm laser wavelength and at
all laser powers, including the film deposited without laser irradiation, are shown in Fig.
5. The film deposited without a laser was 3 – 4 µm in thickness with a sharp
film/substrate interface as shown in Fig 5(a). The grains near the substrate were
approximately 1 µm, compared to the grains near the film surface which were 2-3 µm in
size. Columnar grains were observed near the surface with a different morphology than
those near the substrate, which were more randomly oriented. The grains near the
substrate (sub-layer) had a lamellar, possibly more graphitic, microstructure and were
within approximately 2 µm of the substrate surface. Examination of the image suggests
that there was competitive growth between the various grains leading to the faceted film
surface. As the laser irradiation was added, the overall grain size became larger and the
lamellar features became less prevalent as shown in Fig 5(b). When the laser power
increased to 400 W a noticeable depression of the WC substrate was seen (Fig 5(c)) that
was unique among the cross-sectional specimen presented in this work. The origin of
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depression is unclear but there are two plausible explanations. First, given that the
feature was not seen in any other samples, the depression could be an aberration borne of
a defect in the WC substrate. Second, it was possible that the depression marks the
location on the substrate directly beneath the combustion flame and thus Fig 5(c) would
represent the initial impact crater. Closer inspection of the microstructure revealed that
the lamellar structure was more prevalent in this film than the film deposited with 100 W
laser power. Also, the Raman spectra from the film deposited at 400 W showed only a
relatively small diamond peak with a larger G-band which suggests that this film was
more graphitic over a larger area. At 800 W (Fig 5(d)) the film was 4-5 µm thick with
surface grains approximately 2 µm. The columnar growth started nearer to the substrate
with grains ~0.5 µm × 1.5 µm in size. The STEM results for the untuned laser films
agree with the plan view SEM results in that the addition of the laser resulted in films
with large, columnar grains.
For comparison, DF STEM images from the films deposited with the tuned
10.532 µm CO2 laser as well as the film deposited with no laser irradiation are shown in
Fig. 6. At 100 W (Fig 6(b)) the film was approximately 4 µm thick with some grains
extending the entire thickness. The sub-layer was less evident at 100 W compared to the
untuned laser, but still present. The columnar grains were ~ 1 µm wide. The film
deposited with 400 W laser power (Fig 6(c)) also exhibited columnar grains through
almost the entire thickness of the film. The grains were slightly wider at this power with
some grains greater than 1 µm in width. The film deposited with 800 W (Fig 6(d)) had
the largest grain size of approximately 2 – 3 µm near of the surface. The sub-layer was
even less evident in the 800 W film. The width of the individual grains was several
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micrometers. The STEM results agree with the XRD and Raman as the films deposited
with the tuned wavelength of 10.532 µm CO2 laser irradiation had the largest grains and
sharpest peaks.

Comparison of the microstructure of the films deposited with the different laser
wavelengths indicated that the films deposited with laser irradiation tuned to match the
CH2-wagging vibrational mode at 10.532 µm had a larger lateral grain size and a
significantly different microstructure than the film deposited with the laser irradiation at
10.591 µm. Similarly, the films deposited with the lasers exhibited microstructures
significantly different than the films deposited without the laser irradiation. All of the
results indicate that the laser energy affected the film nucleation and growth. The sublayer near the film and substrate interface may be graphitic based on the lamellar
microstructure and the fact that the Raman spectra that had an increased non-diamond
component. It has been shown that coupling laser energy to the flame increased the
population of diamond forming species in the combustion flame [22], specifically CH
and C2 species which have been identified as possible diamond precursors [27, 28].

The

results provided here support the idea of increasing the population of diamond forming
species in the combustion-flame using a laser focused on the flame and parallel to the
substrate, especially a laser tuned to the resonant wavelength of the vibrational modes of
the gas precursors. The changing of the laser wavelength and power and subsequent
effect on the microstructure of the deposited material suggest that gas phase reactions
played a significant role in determining the size, shape and crystallinity of diamond films.
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4. Conclusion
Diamond thin films were deposited on WC substrates by a CO2 laser-assisted
combustion-flame method in which the laser was focused on the tip of inner cone of the
flame, parallel to the substrate surface. Subsequent characterization of the deposited
films determined the effect of the CO2 laser wavelength and power on the film surface
morphology, phase, crystallinity and microstructure. It was determined that for a given
wavelength, when the laser power was increased the grain size increased, the diamond Xray diffraction peak was more intense and the characteristic diamond Raman peak was
sharper and more intense. For a given power, comparisons were made between the two
different laser wavelengths. In general, the film grain size was twice as large and the
diamond diffraction peak intensity increased and sharpened when the films were
deposited with 10.532 µm CO2 laser wavelength tuned to the CH2-wagging vibrational
mode of the C2H4 molecule when compared with the films deposited with an untuned
10.591 µm CO2 laser wavelength. Overall the results indicated the addition of the laser
beam parallel to the substrate surface and coupled to the combustion-flame enhanced
diamond film growth.
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Fig. 1. Optical micrograph of as-deposited film with the center of the deposit labeled ‘A’.
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(a)

(b)
Fig. 2. XRD spectra from films deposited at CO2 laser wavelength of (a) 10.591 µm and
(b) 10.532 µm.
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Fig. 3. Comparison laser wavelength effect on X-ray diffraction peak associated with
diamond (111) planes from films deposited without laser irradiation and at each laser
power.
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(a)

(b)
Fig 4. Comparison of Raman spectra from films deposited with CO2 laser wavelength of
(a) 10.591 µm and (b) 10.532 µm.

71

(a)

(b)

(c)

(d)

Fig. 5. Dark-field STEM images from diamond films deposited with CO2 laser
wavelength of 10.591 µm and laser power of (a) no laser, (b) 100 W, (c) 400 W and (d)
800 W.
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(a)

(b)

(c)

(d)

Fig. 6. Dark-field STEM images from diamond films deposited with CO2 laser
wavelength of 10.532 µm and laser power of (a) no laser, (b) 100 W, (c) 400 W and (d)
800 W.
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Abstract
The deposition of diamond thin films using a CO2 laser-assisted combustion-flame CVD
process was investigated using two different CO2 laser wavelengths for deposition times
of less than 5 minutes. The CO2 laser wavelength was varied based on the resonant
absorption of laser energy by gaseous precursors (O2/C2H2/C2H4), in particular 10.591
µm that did not match a resonant absorption (unturned) and 10.532 µm that matched one
of the resonant frequencies of the C2H4 molecule (tuned). Deposition without a CO2 laser
was done as a reference. Film morphology and microstructure was characterized by
scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM). After one minute of deposition the films consisted of discrete particles. The
amount of faceting and particle size was found to be dependent on the laser wavelength.
X-ray diffraction (XRD) and micro-Raman spectroscopy were used for phase
identification. The diamond component in the films varied with the deposition time and
laser wavelength. The largest diamond component and most faceted grains were
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obtained using the tuned CO2 laser regardless of time. The enhancement of the diamond
growth with the tuned laser wavelength was attributed to an increase in the sticking
probability of the precursors to adatoms on the substrate surface.
Keywords: diamond thin films; laser-assisted combustion-flame deposition; electron
microscopy; X-ray diffraction; Raman spectroscopy

1. Introduction
Diamond thin films have applications in many areas because of material
properties including excellent wear resistance, thermal conductivity and optical
transparency [1]. Chemical vapor deposition (CVD) techniques are the preferred method
for diamond synthesis [2-6], along with plasma discharge [7, 8]. Physical vapor
deposition (PVD) using laser ablation has also been reported [9, 10]. The combustion
flame method using an O2/C2H2 gaseous precursor and initially reported by Hirose [11]
has been proven to deposit diamond in open atmosphere. Variations and investigations
on the process include differences in the combustion gasses [12-14], distance of the flame
to the substrate surface and the substrate temperature [15]. Recent research has studied
the possibility of coupling the combustion-flame with CO2 laser energies. The energy
coupling is possible due to the ability to tune a CO2 laser to a specific wavelength. The
infrared absorption band associated with the CH2-wagging vibrational mode of the C2H4
molecule is centered at 10.532 µm. An OES comparison of the effect of tuning the laser
wavelength to match the infrared absorption band and using the standard 10.591 µm CO2
laser wavelength shows a higher percentage of the laser energy is absorbed using the
tuned 10.532 µm wavelength as well an increased deposition rate and better diamond
film quality [16].
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The nucleation of the films deposited by the CO2 laser-assisted O2/C2H2/C2H4
combustion-flame method is not fully understood. Research suggests that in CO2 laserassisted combustion-flame deposited films greater than 4 µm thick, a sub-layer phase
exists near the substrate surface that is microstructurally different than the diamond
phase. The structure of the sub-layer phase may contain a graphitic component and is
dependent on the CO2 laser wavelength [17]. The origin of the sub-layer phase is
unknown and has not been investigated extensively.
In this study diamond thin films, 1 µm or less in thickness, deposited on WC
substrates by a CO2 laser-assisted combustion-flame method were investigated along with
film deposited without a laser. The objective was to use shorter deposition times in order
to characterize the effect of the CO2 laser wavelength on the nucleation and initial growth
of diamond thin films.
2. Material and methods
The experimental setup used to deposit the films was similar to those reported elsewhere
[16-22]. The diamond films were deposited on tungsten carbide (WC) substrates (BC-6S,
Basic Carbide Corp.), with 6% Co binder, placed on a water-cooled hollow brass block.
The dimensions of the substrates were 12.7 mm × 12.7 mm × 1.6 mm with an RMS
surface roughness of about 1.6 µm. The substrates were cleaned in a supersonic bath of
acetone for 30 minutes prior to deposition. A commercial welding torch with a 1.2 mm
nozzle diameter was secured normal to the surface of the WC substrate and used to
generate an O2/C2H2/C2H4 combustion flame. The O2/C2H2/C2H4 gas ratio was held
constant at 1200:620:620 sccm by three mass-flow controllers (B7920V, Spec-Air Gases
& Technologies). The inner cone of the flame was in direct contact with the substrate
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surface. A continuous-wave tunable CO2 laser (PRC Company) was focused, with a
ZnSe convex lens, perpendicular to the combustion-flame and parallel to the WC surface
approximately 2 mm from the WC substrate. Using this arrangement the laser interacted
only with the flame. The temperature of the substrate was monitored by a pyrometer
(OS3752, Omega Engineering, Inc.) and maintained at approximately 780°C. The
deposition times were 1, 2 and 5 minutes. The laser power was 800 W at both 10.591
and 10.532 µm wavelengths.
The surface morphologies and microstructures of the deposited films were
characterized by scanning electron microscopy (SEM) with a Hitachi S-4700 field
emission scanning electron microscope (FESEM). Phase identification of the films was
investigated by X-ray diffraction (XRD) using a Philips X-Pert diffractometer in glancing
angle mode with a Cu Kα source. Micro-Raman spectroscopy was conducted with a
Horiba ARAMIS system. The Raman spectra were measured using the 632.8 nm
wavelength of a He-Ne laser. The films were prepared for cross-sectional microstructure
analysis by scanning transmission electron microscopy (STEM) with a focused-ion beam
(FIB) using an FEI Helios NanoLab 600 FIB/FESEM. The film thickness was estimated
from the cross-sectional STEM images.
3. Results and discussion
Optically the films appeared very similar to the bare WC substrates. There were
areas of discontinuous particles and discoloration due to oxidation caused by heat from
the combustion-flame. The as-deposited films were investigated by XRD to determine
what phases were present. The XRD spectra from the center of the substrate at each laser
condition and deposition time are shown in Fig 1. The spectra from the films deposited
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for 1 and 2 minutes are shown in Figs 1(a) and (b), respectively. There were several
peaks from the WC substrate as well as peaks attributed to WO3 and CoWO4, but none
associated with diamond. Diamond (111) peaks were visible in the spectra from the films
deposited for 5 minutes as shown in Fig 1(c). The diamond peak intensity was highest
for the film deposited with the tuned CO2 laser (Fig 1(d)) possibly indicating a thicker
film or structurally more complete diamond phase. That result would agree with previous
findings concerning the use of the tuned CO2 laser [17]. From the XRD results it is
apparent that diamond is not detectable during the early stages of deposition and that
there is a critical amount of time required for the diamond to nucleate into a film of
sufficient quality or thickness to be detected. The nucleation time appears to be
dependent on, or at least influenced by, the laser wavelength. Previous studies found that
using the tuned wavelength affected the growth of the diamond films where the main
improvement was in the grain size, but there was little indication that the film nucleation
would also be affected [17, 21].
Micro-Raman spectroscopy was used to further characterize the deposited films.
The Raman spectra from the as-deposited films are shown in Fig 2. After 1 minute of
deposition the Raman spectra (Fig 2(a)) varied with the laser condition. The spectra from
the film deposited without the laser and with the tuned laser were typical of a material
with a small grain size (~10 nm) [23]. There were pronounced G-bands located near
1600 cm-1 associated with a significant amount of amorphous, graphitic carbon phase in
the films. In the spectra from the film deposited with the standard 10.591 µm CO2 laser
wavelength, there were pronounced D and G peaks located at 1326 and 1585 cm-1,
respectively. The spectrum closely resembles that of nanocrystalline graphite which has
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D and G peaks at 1350 and 1582 cm-1, respectively [24], but the D peak was shifted to a
lower wavenumber closer compared to that of diamond (1332 cm-1). For that reason the
films likely have graphitic and diamond components. There was also an upshift in the
location of the D peak depending on the laser condition. Specifically, the D peak
increased from 1323 cm-1 from the film when no laser was used to 1329 cm-1 from the
film when the tuned laser was used. The shift in the D peak may indicate that the film
deposited with the tuned laser was of a higher quality compared to the other films or that
the particles sampled by the Raman laser were in a different stress state [25]. There was
a squared-shoulder at approximately 1100 cm-1 in the spectra from the film deposited
with the tuned laser that has been attributed to nanocrystalline diamond [26]. The Raman
spectra for the films deposited for 2 minutes are shown in Fig 2(b). The first-order
Raman peak from diamond was much more apparent, though still relatively broad and the
G band from the graphitic species was reduced but still observable. Similar to the films
deposited for 1 minute, the D peak location increased from 1322 to 1329 to 1332 cm-1
when the laser condition was changed from no laser to untuned to the tuned laser
condition. When the deposition time was increased to 5 minutes the Raman spectra (Fig
2(c)) appeared similar to the spectra from the films deposited for 2 minutes though the
diamond Raman signal was relatively sharper. The peak shift trend seen in the other
deposition times was not apparent at 5 minutes. As with the 2 minute deposition times,
the 10.532 µm tuned laser condition produced the sharpest and most intense diamond
peak. The Raman results provided more evidence that the addition of the tuned laser
irradiation reduced the film nucleation time.
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The surface morphology of each film was examined using SEM. Representative
images from the films deposited for 1, 2 and 5 minutes are shown in Fig 3, 4 and 5,
respectively. Each figure contains an image from a film deposited without the laser
irradiation and in the untuned and tuned laser condition. The films deposited for 1
minute consisted of discrete, faceted particles (crystallites) surrounded by a cobalt-rich
phase, which was confirmed by energy dispersive spectroscopy (EDS). The crystallite
shape was consistent despite the changing deposition parameters and exhibited {111}
facets. The size of the crystallites was less than 100 nm when no laser was used (Fig
3(a)); approximately 100 nm in the untuned laser condition (Fig 3(b)); and nearly 300 nm
in the tuned laser condition (Fig 3(c)). The crystallite size increase was in agreement
with previous findings [17, 21]. The cobalt-rich phase has been previously shown to
occur during the initial growth stages [27]. When the deposition time was increased to 2
minutes the films were more continuous. The images from the films deposited without
laser irradiation (Fig 4(a)) and in the untuned condition (Fig 4(b)) show some faceted
particles on top of or surrounded by rounded non-faceted material. The image of the film
deposited in the tuned laser condition (Fig 4(c)) shows overgrown, faceted crystals. It
should be noted that the amount of faceted material as well as the grain size increased
when the deposition conditions transitioned from using no laser (~100 nm) to the untuned
laser (250 nm) to the tuned laser (1000 nm). The evolution of the cobalt binder particles
(the smaller, lighter and rounded particles) on the faceted particles is a known byproduct
from usage of the cemented carbide substrate [27-29]. The films deposited for 5 minutes
were the most continuous and diamond-like in appearance. The film deposited without
the laser had grain sizes of 0.5-1 µm (Fig 5(a)). The grain size increased to 1 µm with
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the use of the untuned laser (Fig 5(b)) and further increased to more than 2 µm when in
the tuned laser condition (Fig 5(c)). The SEM results suggested that the addition of the
laser irradiation to the flame, but not the substrate, decreased the nucleation time and lead
to predominantly grain growth as opposed to nucleation.
A cross-sectional investigation of the film microstructure was conducted using
STEM. Details of the sample preparation were previously reported [17, 30]. Dark-field
(DF) STEM images from the films deposited for 1 and 5 minutes are shown in Fig 6 and
7. The cross-section of the film deposited without laser irradiation shown in Fig 6(a) was
consistent with the plan view SEM images in that discrete, faceted particles were evident.
The particles ranged from 100 to 250 nm in diameter. The somewhat rounded edges of
the crystallites are believed to be caused by the ion milling required to thin the sample to
electron transparency. When the laser was added in the untuned condition the
microstructure consisted of slightly larger (~300 nm) and more faceted discrete particles
(Fig 6(b)). The crystallite size of the film deposited with the tuned laser shown in Fig
6(c) was larger (400 to 500 nm) than the films deposited in the other laser conditions.
When the deposition time was increased to 5 minutes the crystallite size increased
regardless of the laser condition. When no laser was used (Fig 7(a)) discrete particles
nearly 1.5 μm could be seen. The grains showed a lamellar structure, only seen
previously in much thicker films [31]. The film deposited with the untuned laser, shown
in Fig 7(b), was thicker than the film deposited without the laser. The microstructure
appeared to also have the lamellar features though the grains were more columnar in
shape. When the tuned laser was used the film did not appear substantially thicker (Fig
7(c)) though the microstructure exhibited more columnar grains. The lamellar features
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present in the other films were not as prevalent in this film. The STEM investigation
revealed a transition from irregular to columnar grain growth with the addition of the
untuned laser and the tuned laser, respectively.
An explanation of the nucleation and initial growth stages of the diamond thin
films can be discussed using work from Kajikawa and Noda [32]. First consider the
probabilities of the following processes that affect the nucleation time: the film growth
species adsorbing directly onto the substrate, onto already deposited material, or
desorbing from the substrate. The XRD and Raman investigations suggested that the
nucleation time decreased for the film deposited with the tuned laser wavelength. The
SEM and STEM images show that there are larger crystallites with the tuned laser, but it
is difficult to discern the effects on the film nucleation. However, the differences in the
grain size can be explained by examining the relative sticking probabilities of the growth
species. The relative sticking probability is the ratio of growth species adsorbing to the
substrate surface versus those sticking directly to adatoms (direct impingement). It was
possible that the CH-wagging vibrational mode caused by the tuned laser resulted in
species that were orientated such that the sticking probability for direct impingement was
increased. The increase in direct impingement then results in larger grain sizes.
Ling et.al have shown that the absorbed energy from the 10.532 µm tuned CO2
laser wavelength could be directed to C-H bonds [21] causing the generation of CH and
C2 species active in diamond deposition [16]. It follows that the probability of the CH
and C2 species adsorbing to the growing carbon film is higher than the probability of the
specie nucleating on the WC substrate surface.
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4. Conclusion
Nucleation and the initial growth stages of diamond thin films deposited by a CO2
laser-assisted combustion-flame method were characterized. The investigation focused
on the effect of the CO2 laser wavelength and deposition time on the film surface
morphology, the as-deposited chemical species and film microstructure. It was
determined that regardless of the laser condition (no laser, untuned or tuned) as the
deposition time increased the films transitioned from discrete and faceted crystallites to
continuous films. The grain size increased from as small as 100 nm at 1 minute to as
large as 2 µm at 5 minutes. X-ray diffraction and Raman spectroscopy revealed that the
diamond phase was only significant after 2 minutes of deposition. At each deposition
time comparisons were made between the two different laser wavelengths. When the
films were deposited with the laser wavelength tuned to match the CH2-wagging
vibrational mode of the C2H4 molecule, the grain size was generally twice as large, the
diamond (111) x-ray diffraction peak intensity increased and the diamond Raman peak
was sharper and more intense. The increased grain size was attributed to tuned laser
increasing the sticking probability of growth species onto adatoms on the substrate
surface. There was a noticeable change in growth mechanism of the films which was
dependent on the laser condition. When no laser irradiation was used during deposition
there was nucleation of a sub-layer of smaller grains followed by irregular grain growth.
The use of the untuned laser wavelength yielded nucleation of a sub-layer followed by
columnar grain growth. The tuned laser wavelength appeared to induce nucleation and
growth of columnar grains directly from the substrate surface. The transition of the
growth mode was attributed to the changing the orientation of gaseous precursors such
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that the sticking probability was increased. Overall the results confirmed previous
findings that diamond growth can be enhanced with the use of laser energy coupling.
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(a)

(b)

(c)

(d)

Fig. 1. XRD spectra from films deposited for (a) 1, (b) 2, (c) 5 minutes with (d) 2θ range
associated with diamond (111) planes from films deposited for 5 minutes.
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(a)

(b)

(c)
Fig 2. Comparison of Raman spectra from films deposited (a) 1, (b) 2 and (c) 5 minutes.
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(a)

(b)

(c)
Fig 3. SEM micrographs from the center of films deposited for 1 minute with (a) no laser
irradiation, (b) untuned laser irradiation and (c) tuned laser irradiation.
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(a)

(b)

(c)
Fig 4. SEM micrographs from the center of films deposited for 2 minutes with (a) no
laser irradiation, (b) untuned laser irradiation and (c) tuned laser irradiation.
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(a)

(b)

(c)
Fig 5. SEM micrographs from the center of films deposited for 5 minutes with (a) no
laser irradiation, (b) untuned laser irradiation and (c) tuned laser irradiation.
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(a)

(b)

(c)
Fig 6. Dark-field STEM images from cross-sections of diamond films deposited for 1
minute with (a) no laser, (b) untuned and (c) tuned laser irradiation
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(a)

(b)

(c)
Fig 7. Dark-field STEM images from cross-sections of diamond films deposited for 5
minutes with (a) no laser, (b) untuned and (c) tuned laser irradiation. Some individual
grains have been outlined for clarity.
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2. SUMMARY AND CONCLUSIONS

The addition of a CO2 gas in the sputter-deposition process of amorphous carbon
has not been previously reported and was found to affect the crystallinity surface
morphology and bonding arrangement of the thin films. A comparison of the reactive
gases of O2 and CO2 showed many similarities, but also some differences. In general, the
deposition rate decreased with an increase in the partial pressure of either reactive gas.
The decrease was attributed to the reaction of oxygen or carbon dioxide with the
sputtered graphite while still in the vapor phase or even after deposition on the substrate
surface. The deposition rate was higher when CO2 was used, most likely due to O2 being
the more reactive species. The surface chemistry results showed that indeed a reaction
between the graphite species and the reactive gas did occur as oxygen was detected on
the surface of the films. As the partial pressure of reactive gas in the plasma increased,
the amount of oxygen detected in the films increased up to a point and then the amount
detected decreased. The trend suggested that there was a saturation limit for the amount
of oxygen in the graphite films. The characterization results revealed that the oxygen
affected the deposition and growth of the amorphous carbon thin films. Sputtered carbon
films from a graphite target using a noble gas were amorphous when deposited at room
temperature. There was a consistent trend with the films with CO2 or O2 in the
sputtering gas that the increasing oxygen content enhanced the long-range order in the
films while suppressing the more amorphous species.
Samples produced at UNL were characterized and analyzed. The samples
included films deposited by the CO2 laser-assisted combustion-flame chemical vapor
deposition (CVD) process in open atmosphere. The concept of multi-energy processing
was investigated by coupling the energy from CO2 laser irradiation with the combustion
flame.
For example, the graphite pillars deposited on WC substrates in open atmosphere
used a novel deposition technique utilizing a C2H2/O2 combustion-flame combined with
CO2 laser irradiation perpendicular to the substrate surface. The deposition rate, 750
µm/minute, was very high for a crystalline material deposited under ambient conditions.
The microstructure was unaffected by the amount of laser power. Increased laser power
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caused a shape change in the pillar, producing a depression near the nucleation site.
Additional efforts to investigate the laser effect on substrate and thus the nucleation of the
films leading to the high deposition rate would be beneficial. An understanding of the
growth mechanism may allow for the application of this process to other materials
systems.
Diamond thin films were deposited on WC substrates by a CO2 laser-assisted
O2/C2H2/C2H4 combustion-flame method in which the laser was focused on the tip of
inner cone of the flame, parallel to the substrate surface. With a tunable CO2 laser, the
laser wavelength could be tailored to affect specific species in the combustion-flame.
Subsequent characterization of the deposited films determined the effect of the CO2 laser
wavelength and power on the film surface morphology, phase, crystallinity and
microstructure. It was determined that for a given wavelength, when the laser power was
increased the grain size increased, the diamond X-ray diffraction peak was more intense
and the characteristic diamond Raman peak was sharper and more intense. In general,
the film grain size was twice as large and the diamond diffraction peak intensity
increased and sharpened when the films were deposited with 10.532 µm CO2 laser
wavelength tuned to the CH2-wagging vibrational mode of the C2H4 molecule when
compared with the films deposited with an untuned 10.591 µm CO2 laser wavelength.
Overall the results indicated the addition of the laser beam parallel to the substrate
surface and coupled to the combustion-flame enhanced diamond film growth, a result not
previously reported.
Knowing that the effect of using the tunable CO2 laser on the growth of the
diamond films was very significant, the next issue was to determine how the laser
affected the deposition process. It was difficult to determine whether the laser only
affected the growth or if there was an effect on the nucleation of the diamond films.
Nucleation and the initial growth stages of diamond thin films deposited by a CO2 laserassisted combustion-flame method were characterized. The investigation focused on the
effect of the CO2 laser wavelength and deposition time on the film surface morphology,
the as-deposited chemical species and film microstructure. The diamond phase was
measurable only after 2 minutes of deposition. At each deposition time comparisons
were made between the two different laser wavelengths. When the films were deposited
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with the laser wavelength tuned to match the CH2-wagging vibrational mode of the C2H4
molecule, the grain size was generally twice as large as the untuned case. The increased
grain size was attributed to tuned laser increasing the sticking probability of growth
species onto adatoms on the substrate surface. There was a noticeable change in growth
mechanism of the films which was dependent on the laser condition. When no laser
irradiation was used during deposition there was nucleation of a sub-layer of smaller
grains followed by irregular grain growth. The use of the untuned laser wavelength
yielded nucleation of a sub-layer followed by columnar grain growth. The tuned laser
wavelength appeared to induce nucleation and growth of columnar grains directly from
the substrate surface. The transition of the growth mode was attributed to the changing
the orientation of gaseous precursors such that the sticking probability was increased.
Overall the results confirmed previous findings that diamond growth can be enhanced
with the use of laser energy coupling directly into the flame.
Initially, the laser energy and the combustion flame were combined at the
substrate which would have involved more of the substrate material in the deposition
process. In subsequent experiments the laser was positioned parallel to the substrate
surface meaning it only came in content with the combustion-flame. It stood to reason
that a laser beam focused on the substrate surface would affect the nucleation and growth
of a film, but it seemed less plausible that the laser interacting only with the combustionflame would have a positive effect. That is one of the most significant findings of this
work.
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3. FUTURE WORK

Given the various applications of amorphous carbon and diamond-like carbon
films, determining the properties of the oxygenated carbon thin films would be would be
of interest. The studies on the reactive sputtering of oxygenated carbon thin films did not
include any mechanical or optical properties. Qualitatively, the films were scratch
resistant and very adherent to the silicon substrates, but quantitative values would be
more telling. Determining the process by which the oxygen is retained in the carbon
films may be essential in understanding how the microstructure is affected. Auger
electron spectroscopy (AES) may be helpful in determining if the oxygen detected is as
prevalent in the bulk of the film compared to the film surface. It was shown that the
oxygen affected the bonding in the films, but films were all less than a 500 nm in
thickness. An interesting study would be to determine if there is film thickness
dependence on the phenomena seen thus far. The XRD results suggested that the films
had a very small grain size, but were not completely amorphous. Using TEM would
allow for a better determination of the crystallinity of the films.
The diamond films were deposited on WC and Si and the film microstructure was
slightly different. It would be interesting to investigate the films on a wider range of
substrates to determine the effect of the substrate on the nucleation and growth of the
films. The studies on the films deposited for shorter times showed predominantly
carbonaceous crystallites, but the Raman results were inconclusive. Further
characterization is required and would include TEM for the purpose of electron
diffraction to determine the exact nature of the initial nuclei. It may yield answers to the
nature of the sub-layer grains seen in some of the diamond films as well as to whether the
laser energy affects the location of the film nucleation. One question that remains to be
answered: Are the precursor species combining in the gas phase and adsorbing on the
substrate surface as diamond or are there initial non-diamond growth species adsorbing
and acting as nuclei for diamond growth? The effect of the excitation of the C2H4
molecules has undoubtedly enhanced the diamond deposition, but the reasons for the
enhancement could be explored more fully. For example, the issue of the flame
temperature during the deposition is of some concern. While the rotational flame
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temperatures showed no temperature increase, the fact that the flame burns brighter
seems an indicator of an increase in temperature. Additionally, some of the
microstructural changes such as the larger grain size and faster nucleation time seem to
indicate that the reaction kinetics are faster with the tuned CO2 laser wavelength which
may be temperature related. The researchers at UNL have studied various CO2 laser
wavelengths that match other vibrational modes and it would be interesting to view those
films in cross-section and compare the results with the previous studies. In general, the
mode-selective excitations of the gaseous precursors (C2H4, also C3H6) may yield many
investigations. It would also be beneficial to determine the mechanical and optical
properties of the diamond films.

APPENDIX A
DEPOSITION OF CARBON THIN FILMS IN Ar/CO2
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Sputter deposition of oxygenated carbon thin films in Ar/CO2
Travis McKindra, Matthew J. O’Keefe
Department of Materials Science and Engineering, Missouri University of Science and
Technology, Rolla, MO 65409, United States

Abstract
Carbon thin films were deposited by RF magnetron reactive sputtering of a graphite
target in Ar/CO2 plasmas. A variety of process conditions were used to investigate the
effect of the CO2 partial pressure on the film deposition. Film properties were
characterized by glancing angle X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM). The deposition rate
decreased steadily with an increasing partial pressure of CO2 in the plasma. Increasing
amounts of oxygen was retained in the films as the CO2 partial pressure increased and
evidence of C-O and C=O bonding was found. A nanocrystalline phase was apparent at
certain partial pressures of CO2 compared to films deposited without any CO2 in the
plasma. The film morphology transitioned from a typically amorphous topography to a
granular topography similar to sputtered metallic films. The addition of oxygen via the
Ar/CO2 reactive sputtering gas enhanced the crystallinity of sputtered carbon thin films.
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Experimental
The effect of CO2 gas during reactive sputter deposition of carbon thin films was
investigated. A full factorial experiment was designed where carbon films were
deposited onto Si substrates (1 x 1 cm2) by rf-sputtering of a graphite target using Ar plus
1, 3, 10, and 25% CO2 gases at working pressures of 2, 5, and 10 mTorr. The depositions
were run for approximately 2 hours at 300 W RF power. The CO2 content was
determined using the N2-normalized flow rate of Ar to CO2.

The film thickness was

measured with a Tencor Alpha-step 100 profilometer. The O2 content referred to the
percentage of the working pressure that was not Ar gas. Selected films were
characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
scanning electron microscopy (SEM). The deposition rate results were analyzed with
MINITAB 14 Statistical Software.

Results and Discussion
Statistical analysis of the mean deposition rate of the films determined that both
the working pressure and percentage of CO2 in the sputtering gas had a significant effect.
A contour plot from the statistical software (MINITAB) is presented in Figure 1. In
general, the trend was that as the percentage of CO2 and working pressure increased, the
deposition rate decreased. The effect of the percentage of CO2 on the deposition rate for
a given working pressure is shown graphically in Figure 2. Films deposited at 2 mTorr
showed the least amount of change in the deposition rate with increased CO2 in the
sputtering gas. The mean deposition rates of the films with 1% and 3% CO2 at 2 mTorr
were not statistically different as determined by analysis with MINITAB. Alternatively,
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the films with 10% and 25% CO2 were statistically different and showed a decrease in
deposition rate with increased CO2 in the sputtering gas. At 5 mTorr the mean deposition
rate decreased as the amount of CO2 increased to the point (>10% CO2) where little to no
film was measured in the predetermined two hour deposition time. The deposition rate of
films deposited at 10 mTorr showed a similar trend in that no measurable deposition
occurred with more than 3% CO2 in the sputtering gas. The inability to deposit a film
was indicative of a very slow sputter rate. The slow rate was attributed to poisoning of
the target surface and the difficulty of ionizing the CO2 in the plasma of the sputter
deposition system. This caused problems during replications of the depositions at lower
CO2 percentages and required cleaning of the graphite target in pure Ar prior to reactive
sputtering with the CO2. From these results, it was determined that the absolute amount
of CO2 in the sputtering gas was the critical parameter in affecting the deposition rate.
X-ray photoelectron spectroscopy was used to determine the binding state of the
atoms in and the chemical make up of the deposited films. It has been reported that the
sp3 and sp2 components can be delineated from the spectra of amorphous carbon films
[1]. The binding energy of the sp3 species is shifted to approximately one eV higher
binding energy with respect to the sp2 content [2]. Figure 3 shows the comparison
between the C 1s spectra for the selected samples as well as the spectra for graphite
sputtered in pure argon. Table 1 summarizes the peak values for the components of each
spectrum. The XPS spectra for all of the samples exhibited a major peak centered at 285
eV indicative of graphite or sp2 bonding, as well as definitive minor peaks at higher
binding energies. The C 1s spectra from the films deposited with 1% and 25% CO2 at 2
mTorr exhibited only two peaks. The C 1s spectra from films deposited with 3% CO2 at
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10 mTorr and 10% CO2 at 5 mTorr were fitted with three peaks. The highest peak for
both samples, 288.6 eV and 288.7 eV respectively, was attributed to the C=O bond [3, 4].
The second peak for both samples, 286.8 eV and 286.9 eV, was attributed to the C-O
bond [3-5]. It was expected that the C=O bond would produce an C 1s electron with a
higher binding energy since atoms with a higher positive oxidation state exhibit higher
binding energy due to the extra coulombic interaction between the photo-emitted electron
and the ion core. However, it was unexpected that C=O was found. The C=O bonding
found in the XPS spectra was attributed to non-dissociated CO2 in the plasma that caused
C=O species to embed in the film.

Table I: Summary of peaks for selected samples.
Sample
Ar only
1% CO2, 2 mTorr
3% CO2, 10 mTorr

10% CO2, 5 mTorr
25% CO2, 2 mTorr

Species
C-C
C-O
C-C
C-O
C-C
C-O
C=O
C-C
C-O
C=O
C-C
C-O

Peak
Location
(eV)
285
286.2
285
286.7
285
286.8
288.6
285
286.9
288.7
285
286.3

Half Width
Half Max
(eV)
0.7
0.6
0.8
0.7
0.9
0.8
1.0
0.9
0.9
0.9
0.8
0.6

% Total
Area
81.3
18.7
84.18
15.82
63.3
19.78
16.92
64.95
21.78
13.27
87.75
12.25

Given the unexpected C=O species detected by XPS, x-ray diffraction (XRD) at a
glancing angle was used to determine the crystallinity and phase identification of the
selected films. XRD samples were deposited concurrently with the samples used to
determine the deposition rate and XPS samples. Figure 4 shows the summary of the
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XRD results. The films were predominantly amorphous though there were some broad
peaks, highlighted by arrows, which suggested there might have been some crystallinity.
The peaks most closely matched graphite, though shifted to higher 2θ values from the
standard for graphite (JCPDF # 75-1621). The spectrum from the sample deposited at 2
mTorr and 1% CO2 showed only one broad peak at approximately 28° near the graphite
(002) peak. The remaining samples did not have the low angle peak, but a broad peak at
approximately 48° close to the graphite (101) peak. The XRD results suggest that the
addition of the oxygen, via the CO2 gas, to the plasma enhanced the crystallinity of the
films and this was in agreement with the literature [6, 7].
The scanning electron microscope (SEM) was used to investigate the morphology
of the sputtered films to explain the features from the XRD spectra. The features from
the spectra could have been interpreted as broad amorphous humps or nanocrystalline
and, as such, it was expected that the films would show minimal surface features, but that
was not the case. The surface morphology changed with the change in CO2 content. As
the CO2 content in the sputtering gas increased there was an increase in the observed
grain structure of the films. The SEM images are shown in Figure 5. Figure 5(a) shows
the film deposited at 2 mTorr with 1% CO2 had the fewest surface features (least
granular). Figures 5(b), 5(c) and 5(d) show the films deposited with increasing amount of
CO2 respectively and a more crystalline grain structure. A correlation was drawn
between the XRD and SEM results in that the broad peaks (crystalline features) in the
XRD spectra were more prevalent when more CO2 was added to the sputtering gas. It
was theorized that the increased granular structure was due to etching of the amorphous
carbon species by the free oxygen in the plasma.
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Conclusions
Carbon thin films were reactively sputtered in an Ar/CO2 gas mixture. The
deposition rate decreased as the partial pressure of CO2 increased due to target poisoning.
X-ray photoelectron spectroscopy results showed variations in the C 1s spectra with
respect to the amount of CO2 in the process gas took the form of chemical states at higher
binding energies than that of graphite. X-ray diffraction spectra of selected films
exhibited predominantly amorphous features, though crystalline features, such as broad
peaks slightly shifted to higher 2θ values, became evident with increased CO2 used in the
deposition. Scanning electron microscopy images of the films revealed an increasingly
granular microstructure with the addition of CO2 caused by etching of the amorphous
species.
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Figure 1: Contour plot of showing deposition rate (nm/hr) for a given working pressure
and percentage of CO2 gas.
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Figure 2: Plot of deposition rate versus percentage of CO2 for a given working pressure.
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Figure 3: XPS spectra of selected samples sputter with (a) Ar only at 2 mTorr, (b) 1%
CO2 at 2 mTorr, (c) 3% CO2 at 10 mTorr, (d) 10% CO2 at 5 mTorr, and (e) 25% CO2 at 2
mTorr.
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Figure 4: Comparison of XRD results for selected samples, which shows a predominantly
amorphous structure. The crystalline features of the spectra are highlighted by arrows.
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(a)

(b)

(c)

(d)

Figure 5: Secondary electron SEM images for the selected samples (a) 1% CO2-2 mTorr,
(b) 3% CO2-10 mTorr, (c) 10% CO2-5 mTorr, and (d) 25% CO2-2 mTorr.
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NUCLEATION AND INITIAL GROWTH OF DIAMOND THIN FILMS ON SILICON
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Initial growth of diamond thin films deposited by a CO2 laser-assisted combustionflame method on silicon substrates
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Abstract
The deposition of diamond thin films on Si substrates using a CO2 laser-assisted
combustion-flame CVD process was investigated by comparing no laser and two
different wavelengths for deposition times of less than 5 minutes. The CO2 laser
wavelength was varied based on the resonant absorption of laser energy by gaseous
precursors (O2/C2H2/C2H4), in particular 10.591 µm that did not match a resonant
absorption (unturned) and 10.532 µm that matched one of the resonant frequencies of the
C2H4 molecule (tuned). The film morphology and microstructure was characterized by
scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM). After one minute of deposition the films consisted of discrete particles. The
amount of faceting and particle size was found to be dependent on the laser wavelength.
X-ray diffraction (XRD) and micro-Raman spectroscopy were used for phase
identification. The diamond component in the films varied with the deposition time and
laser wavelength. The largest diamond component and most faceted grains were
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obtained using the tuned CO2 laser regardless of time. The enhancement of the diamond
growth with the tuned laser wavelength was attributed to an increase in the sticking
probability of the precursors to adatoms on the substrate surface.
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Introduction
The nucleation of the films deposited by the CO2 laser-assisted O2/C2H2/C2H4
combustion-flame method is not fully understood. Research suggests that in CO2 laserassisted combustion-flame deposited films greater than 4 µm thick, a sub-layer phase
exists near the substrate surface that is microstructurally different than the diamond
phase. The structure of the sub-layer phase may contain a graphitic component and is
dependent on the CO2 laser wavelength [17]. The origin of the sub-layer phase is
unknown and has not been studied extensively, though it may be related to the substrate.
In this study diamond thin films 1 µm or less in thickness were deposited on Si
substrates by a CO2 laser-assisted combustion-flame method. Similarly to previous work
[18], the objective was to use shorter deposition times in order to characterize the effect
of the CO2 laser wavelength on the nucleation and initial growth of diamond thin films.
The substrate effects were also investigated.

Experimental
The experimental setup used to deposit the films was similar to those reported
elsewhere [16-23]. The diamond films were deposited on silicon (100) substrates and
placed on a water-cooled hollow brass block. The dimensions of the substrates were
approximately 1 x 1 cm2. The substrates were cleaned in a supersonic bath of acetone for
30 minutes prior to deposition, and then seeded with diamond powders with an average
size of 0.25 µm. A commercial welding torch with a 1.2 mm nozzle diameter was
secured normal to the surface of the WC substrate and used to generate an O2/C2H2/C2H4
combustion flame. The O2/C2H2/C2H4 gas ratio was held constant at 1200:620:620 sccm
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by three mass-flow controllers (B7920V, Spec-Air Gases & Technologies). The inner
cone of the flame was maintained at approximately 0.5 mm from the substrate surface. A
continuous-wave tunable CO2 laser (PRC Company) was focused, with a ZnSe convex
lens, perpendicular to the combustion-flame and parallel to the Si surface approximately
2 mm from the Si substrate. Using this arrangement the laser interacted only with the
flame. The temperature of the substrate was monitored by a pyrometer (OS3752, Omega
Engineering, Inc.) and maintained at approximately 780°C. The deposition times were 1
and 5 minutes. The laser power was 800 W at both 10.591 and 10.532 µm wavelengths.
The surface morphologies and microstructures of the deposited films were
characterized by scanning electron microscopy (SEM) with a Hitachi S-4700 field
emission scanning electron microscope (FESEM). Phase identification of the films was
investigated by X-ray diffraction (XRD) using a Philips X-Pert diffractometer in glancing
angle mode with a Cu Kα source. Micro-Raman spectroscopy was conducted with a
Horiba ARAMIS system. The Raman spectra were measured using the 632.8 nm
wavelength of a He-Ne laser. The films were prepared for cross-sectional microstructure
analysis by scanning transmission electron microscopy (STEM) with a focused-ion beam
(FIB) using an FEI Helios NanoLab 600 FIB/FESEM. The film thickness was estimated
from the cross-sectional STEM images.

Results and Discussion
After 1 minute of deposition the films appeared as dispersed particles on the Si
substrate surface. There was not an appreciable difference in the size or dispersion of the
particles depending on the laser condition. After 5 minutes there was a distinct circular
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area of deposited material surrounded by an area of dispersed particles. Even though the
substrates were seeded with diamond powder it is not clear how much of the powder
remained on the substrate during the deposition due to the force of the combustion flame.
X-ray diffraction (XRD) was used to determine what phases were present. The XRD
pattern from the films deposited for 1 and 5 minutes are shown in Fig 1(a) and Fig 1(b),
respectively. The inset shows the pattern in the diamond (111) 2θ range. After 1 minute
of deposition there were visible diamond diffraction peaks from each laser condition that
were equally intense. The patterns from the films deposited for 5 minutes had diamond
(111) and (220) diffraction peaks. The peak intensity for the film deposited with the
10.591 µm laser wavelength was higher than that from the film deposited without any
laser. The peak intensity was the highest for the film deposited with the 10.532 µm tuned
laser wavelength. Unlike the films deposited on WC [18] the nucleation time did not
appear to be affected by the laser wavelength. It may be due to the silicon substrate,
though it is more likely due to the diamond seeding surface pretreatment.
The Raman spectra from the films are shown in Fig 2. The characteristic
diamond peak at 1332 cm-1 was apparent in all of the spectra from the films deposited for
1 minute (Fig 2(a)). The spectrum from the film deposited without the CO2 laser was
similar to that of crystalline graphite due to the presence of the G-band [24]. No graphite
was detected in the XRD, so it was possible that the film just had a significant graphitic
component. The spectra from the laser-assisted films showed G-bands, though not as
intense as when no laser was used. After Savitzky-Golay smoothing and background
removal, further analysis of the spectra revealed that the FWHM of the diamond peak
decreased from 80 to 60 to 14 cm-1 when the laser condition was changed from the no
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laser to 10.591 µm tuned to 10.532 µm tuned, respectively. The decrease in the FWHM
was an indication that the quality of the diamond sampled was better with the tuned laser
wavelength. The Raman spectra from the films deposited for 5 minutes are shown in Fig
2(b). The characteristic diamond peak was present in all of the spectra and located near
1334 cm-1. There was also a broad G-band in each spectrum resulting from graphitic
components in the deposited films. Further analysis showed that the intensity increased
while the FWHM decreased for the characteristic diamond peak with the addition of the
10.532 µm tuned laser wavelength. The graphitic component also decreased as the Gband became less intense.
Representative plan view SEM images from the films deposited for 1 minute are
shown in Fig 3. Every attempt was made to image the films in the area in the center of
the deposition area for ease of comparison. The film deposited without laser irradiation
consisted of overlapping faceted crystals with some voids where the Si substrate was
visible (Fig 3(a)). The lateral grain size varied as there appeared to be more grains closer
to 0.25 to 0.50 µm, though some grains were as large as 1 µm. The film deposited with
the 10.591 µm untuned laser wavelength also consisted of overlapping faceted crystals
(Fig 3(b)). There are no voids shown in the figure. However, some voids were visible
during the SEM investigation, but not as many as in the film deposited without the laser.
Again, the grain size was variable, though in this film the range was between 0.5 and 1.0
µm. The grain size increase trend appeared to hold true with the short deposition times as
with longer deposition times [17, 22]. The film deposited with the 10.532 µm tuned laser
wavelength had the largest grain size (Fig 3(c)). The size range was roughly the same as
the films deposited with the untuned laser, but there were grains closer to 1 µm in size.
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The tuned film also appeared to be the most continuous of the three films. The SEM
images from the films deposited for 5 minutes are shown in Fig 4. There was a distinct
change in the film morphology in the center of the deposition area. Both the film
deposited without the CO2 laser (Fig 4(a)) and the film deposited with the untuned laser
(Fig 4(b)) show isolated crystal faces amongst less faceted material. The grain size did
appear larger in the film deposited with the untuned laser. The film deposited with the
tuned laser (Fig 4(c)) was completely faceted with grains in excess of 2 µm in size. The
SEM images from the films deposited for 5 minutes correlated with the XRD and Raman
results in that the film deposited with the 10.532 µm tuned laser wavelength had the
largest amount of faceted diamond.
The cross-sectional STEM images were produced in a manner similar to those
previously reported [17]. Dark-field STEM images from the films deposited for 1 minute
are shown in Fig 5. The film/substrate interface was very clearly defined in all of the
films. The film deposited without the CO2 laser and the film deposited with the 10.591
µm untuned laser exhibited some overlapping and discrete crystals as shown in Fig 5(a)
and Fig 5(b), respectively. The grain size was roughly the same and the film thickness
was approximately 0.5 µm in both films. The morphology was that of irregularly shaped,
randomly oriented grains. The film deposited with the 10.532 µm tuned laser was more
continuous with a film thickness of approximately 1 µm (Fig 5(c)). The grains were
predominantly columnar in shape. The STEM images from the films deposited for 5
minutes are shown in Fig 6(a) (no laser), Fig 6(b) (10.591 µm untuned laser) and Fig 6(c)
(10.532 µm tuned laser), respectively. The films were all continuous and noticeably
thicker. The film deposited without the laser was approximately 1.5 µm in thickness.
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There were some columnar grains visible, but the microstructure consisted of
predominantly equiaxed grains. There was also evidence of competitive grain growth.
The use of the untuned laser caused an increase in the film thickness to approximately 3
µm. The grains were also noticeably larger in the lateral direction. The competitive
growth was not apparent as the grains nucleated on the substrate surface and grew in
columns. The film deposited with the tuned laser was columnar with a thickness of
approximately 4.5 µm. The lateral grain size also increased. The microstructural
investigation showed the change in the growth mechanism was dependent on the laser
wavelength.
The change in film microstructure, when grown on WC, was shown previously
[17, 18] and was generally consistent with the trend shown for the films deposited on Si.
One noticeable difference was that the grain sizes seen in the films deposited on Si
substrates were larger. It is possible that the diamond seeding decreased the nucleation
time. It has been proposed that when the 10.532 µm tuned laser interacts with the
combustion-flame that new gaseous species were produced that were more likely to
condense on the substrate and form diamond [18]. If that is the case then, adding the
nuclei by way of the surface pretreatment and using the tuned laser could explain the
much larger grain sizes.

Conclusions
The initial growth stages of diamond thin films deposited by a CO2 laser-assisted
combustion-flame method were characterized. The investigation focused on the effect of
the silicon substrate, deposition time and the CO2 laser wavelength on the film
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morphology and microstructure. When the films were deposited with the laser
wavelength tuned to match the CH2-wagging vibrational mode of the C2H4 molecule, the
grain size was generally twice as large, the diamond (111) diffraction peak was more
intense and the characteristic Raman peak was more intense. The increase in grain size
was attributed to the 10.532 µm tuned laser creating new growth species more likely to
grow onto the diamond seeds rather than nucleate on the substrate surface.

124
References
[1]

H. Ling, J. Sun, Y.X. Han, T. Gebre, Z.Q. Xie, M. Zhao, and Y.F. Lu, Laserinduced resonant excitation of ethylene molecules in C2H4/C2H2/O2 reactions to
enhance diamond deposition, J. Appl. Phys. 105(1) (2009) 014901-014905.

[2]

T. McKindra, M.J. O’Keefe, Z.Q. Xie, and Y.F. Lu, Characterization of diamond
thin films deposited by a CO2 laser-assisted combustion-flame method, Mater.
Charac. 61 (2010) 661-667.

[3]

T. McKindra, M.J. O’Keefe, E. Kulp, Z.Q. Xie and Y.F. Lu, Nucleation and
growth of diamond thin films deposited by a CO2 laser-assisted combustionflame method, Surf. Coat. Technol. Submitted.

[4]

Y.X. Han, H. Ling, J. Sun, M. Zhao, T. Gebre, and Y.F. Lu, Enhanced diamond
nucleation on copper substrates by graphite seeding and CO2 laser irradiation,
Appl. Surf. Sci. 254(7) (2008) 2054-2058.

[5]

Y.X. Han, M. Zhao, J. Sun, H. Ling, T. Gebre, and Y.F. Lu, Real-time monitoring
of diamond nucleation and growth using field-enhanced thermionic emission
current, Appl. Surf. Sci. 254(5) (2007) 1423-1426.

[6]

H. Ling, Y.X. Han, and Y.F. Lu, CO2 laser-assisted local deposition of diamond
films by combustion-flame method, Proc. SPIE 6459 (2007) 64590Y-1-64590Y7.

[7]

H. Ling, Z.Q. Xie, Y. Gao, T. Gebre, X.K. Shen, and Y.F. Lu, Enhanced chemical
vapor deposition of diamond by wavelength-matched vibrational excitations of
ethylene molecules using tunable CO2 laser irradiation, J. Appl. Phys. 105(6)
(2009) 064901-064906.

[8]

T. Gebre, J. Sun, H. Ling, Y.X. Han, M. Zao, and Y.F. Lu, C2 and CH rotational
temperatures in diamond growth using CO2 laser-assisted combustion-flames,
Proc. SPIE 6880 (2008) 68800O-1-68800O-7.

[9]

S.M. Huang, Z. Sun, Y.F. Lu, M.H. Hong, Ultraviolet and visible Raman
spectroscopy characterization of chemical vapor deposition diamond films, Surf.
Coat. Technol. 151-152 (2002) 263-267.

125

(a)

(b)
Fig 1. XRD spectra from films deposited for (a) 1 and (b) 5 minutes with 2θ range
associated with diamond (111) planes inset.
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(a)

(c)
Fig 2. Raman spectra from films deposited for (a) 1 and (b) 5 minutes.
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(a)

(b)

(c)
Fig 3. SEM micrographs from the center of films deposited for 1 minute with (a) no laser,
(b) untuned laser wavelength and (c) tuned laser wavelength.
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(a)

(b)

(c)
Fig 4. SEM micrographs from the center of films deposited for 5 minute with (a) no laser,
(b) untuned and (c) tuned laser irradiation.
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(a)

(b)

(c)
Fig 5. Dark-field STEM images from cross-sections of diamond films deposited for 1
minute with (a) no laser, (b) untuned and (c) tuned laser irradiation.
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(a)

(b)

(c)
Fig 6. Dark-field STEM images from cross-sections of diamond films deposited for 5
minute with (a) no laser, (b) untuned and (c) tuned laser irradiation.
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Materials Characterization
Samples processed at UNL were characterized and analyzed throughout the year. The
samples were separated into the categories of ultra-fast deposited (carbon pillars) and low
deposition rate discrete particles.
Ultra-fast deposition
Shown in Fig. 1 are samples processed by CO2 laser assisted combustion-flame
(LACF) with 300 W and 600 W for 3 minutes at an O2:C2H2 of 250:320 sccm were
characterized by scanning electron microscopy (SEM) and energy dispersive
spectrometry (EDS). The EDS results shown in Figure 2, revealed that the pillars
consisted almost entirely carbon. There was some tungsten and oxygen contamination
present most likely from handling of the samples.
X-ray diffraction (XRD) methods were used to determine the crystal structure of
the 300/600W pillars. As shown in Figure 3, the pillars had very crystalline diffraction
peaks that most closely matched graphite while no diamond peaks were detected.
The samples were also characterized by x-ray photoelectron spectroscopy (XPS).
The peak intensity of the 600 W sample was higher and its location shifted to a higher
binding energy. As a result, Figure 4 shows the 300 W sample spectrum was resolved by
only one peak centered at 285 eV while the 600W sample was resolved by two peaks at
285 eV and 286.2 eV.
Previously, a technique for producing cross-sectional TEM samples was
developed. Another technique for producing plan-view TEM samples was also
developed whereby portions of the pillars were removed with a razor blade and deposited
onto a TEM grid in order to image any electron transparent particles. During sample
preparation it was observed that the pillars exhibited brittle fracture during the shaving.
Particles in the size range of 200-1000 nm were imaged in the TEM and electron
diffraction patterns were obtained. Figure 5 shows representative bright-field TEM
images with the selected area electron diffraction (SAED) pattern inset for both samples.
The electron diffraction patterns from the particles yielded ring patterns indicative of a
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polycrystalline material. Some particles displayed single-crystal spot patterns. Some of
the d-spacings measured from the diffraction patterns matched graphite.
The effect of laser power on the ultra-fast depositions occurred through an SEM
and XPS investigation. The pillars were deposited for 3 minutes at laser powers varied
from 300 W to 800 W with an O2:C2H2 ratio of 250:340. The SEM images showed a
similar microstructure to previously analyzed samples. Figure 6 shows representative
SEM images. The amount of laser power affected the shape of the pillar. Lower laser
powers produced pillars more cylindrical in shape while higher laser powers deposited
pillars that were “flatter” and a noticeable depression directly beneath the laser beam.
Also, as the laser power increased, the amount of “base” material on the substrate
increased.
Attempts were made to analyze the different portions of the pillar cross-section by
XPS. The results for the shell showed a more pronounced shoulder at a higher binding
energy compared to the core, but the signal intensity was much less intense. Spectra for
both locations were resolved by two peaks, but the higher binding energy peak area for
the core comprised a larger percentage of the area (~17% to 11%). The overall signal
intensity was relatively low for both areas which was attributed to sample geometry.
Also, the spatial resolution in the XPS system limited the data analysis. Figure 7 shows
the comparison of XPS spectra based on location on the pillar.
The effect of the C2H2 content in the combustion flame was investigated in a
manner similar to the previous samples. Pillars were deposited at 600 W with O2:C2H2
ratios of 250:320/340/360 sccm for 3 min. The samples were labeled by their C2H2
flowrate and were referred to as such during examination. The SEM characterization
revealed the microstructure of the pillars to consist of two definitive portions. It appeared
the pillars grew vertically as well as radially and included an inner “core” and an outer
“shell”. The core appeared to be very dense and lie parallel to the substrate surface while
deposited conformally. The shell was “lamellar-like” and appeared to grow
perpendicular to the substrate and towards the combustion flame. Figure 6 shows an
SEM image of the 360 pillar.
The XRD analysis focused on the material left on the WC substrate after removal
of the pillar. The results showed that the “base” material initially deposited on the
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substrate was crystalline with similar characteristics to that of the pillar itself. Figure 9
shows the XRD results which detected the WC substrate and several graphite peaks.
SEM analysis on these samples revealed a similar morphology to that of the pillars.
Figure 10 shows a representative secondary electron image of the “base” material. Some
samples were mounted in epoxy and polished with various SiC grinding pads and
diamond slurry in order to investigate any subsurface artifacts and the interface between
the substrate and deposit. There was a very abrupt interface with no apparent transition
zone from the substrate to the “base” material determined by the SEM analysis and
optical images obtained after polishing. There was some indication that there may be a
transition zone in the deposit itself which is shown in Figure 11. Some samples were
mounted in epoxy in order to observe the pillar while still attached to the substrate. After
polishing, a possible interaction zone became apparent in the WC substrate directly
beneath the deposited material. The microstructure of the pillar structure was visible.
The base consisted of layers of material parallel to the substrate surface and it appeared
that some layers turned or folded vertically which created the “shell”. Some of the layers
remained parallel to the substrate and were stacked vertically in the direction of the
combustion flame which formed the “core”. Figure 12 is an optical micrograph of one
such sample after polishing.
The effect of C2H2 in the combustion flame was also investigated via TEM. The
TEM samples were prepared similarly to those previously discussed. Samples were also
created from a graphite sputtering target for comparison. All of the samples
(320/340/360) exhibited speckled ring patterns indicative of diffraction from a
polycrystalline material. The 340 sample also produced a hexagonal spot pattern. The dspacings determined from the ring patterns were compared to calculated spacings for
graphite and diamond as well as the spacings from the graphite sputtering target. There
were no exact matches for diamond or graphite. Figure 13 and 14 display bright-field
TEM images with SAED patterns from the 320 pillar sample. Table 1 lists the d-spacings
compared during the experiment.
Low deposition rate discrete particles
Certain parameters used resulted in the high deposition rates observed with the
laser-assisted combustion-flame process previously discussed. Other parameters, namely
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combustion-flame content, caused slower deposition of discrete particles. The direction
of the laser focus, vertically normal to the substrate or perpendicular to the combustionflame also had an effect. Some of these particles were identified as diamond through
Raman spectroscopy and TEM analysis. SEM analysis discovered several faceted crystal
faces. Figure 15 shows some representative SEM images of the discrete particles in each
investigated condition. In general, the vertically focused laser produced a discontinuous
film area with discrete particles. The horizontally focused laser produced a larger, more
continuous film with faceted crystals observed in the center of the deposited area. It
should be noted that the combustion-flame used in the horizontally focused laser
experiments contained an additional gas (C2H4) and was positioned perpendicular to the
WC substrate.
XRD was used to determine the crystal structure of the films. The experimental
films, including a film deposited without laser assistance, were compared to
commercially available diamond powder and diamond films deposited by CVD. The
flame-only sample produced comparable peak intensity to the CVD diamond with a good
peak location match to the natural diamond powder. The vertical laser samples (200/300
W) showed nearly identical spectra, but no diamond peaks were observed. When
compared to the vertical laser samples, the horizontal laser sample showed higher signal
intensity as well as a diamond peak. Compared to the flame-only sample, the horizontal
laser sample had a more intense diamond peak. This result needs verification as only one
sample was analyzed. Figure 16 shows the XRD comparison for the flame only sample,
the horizontal laser sample, and the natural diamond powder in the range of the 43.965°
diamond peak. The peak shift noticeable in the flame-only and horizontal laser samples
was attributed to uneven topography of the deposited material.
Cross-sectional TEM analysis of the vertical laser samples utilized the sample
preparation technique developed in the previous year. The samples were identified by the
laser power used during processing. Some diamond component was identified in the
electron diffraction pattern for the 200 W samples. The speckled ring pattern was
indicative of a polycrystalline material. Some diffuse rings were also identified as
graphite (possibly lignite). Some diamond and graphite components were identified in
the speckled ring diffraction pattern from the sample processed at 300 W. Figures 17 and
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18 show bright-field TEM images with accompanying diffraction patterns for samples
processed at 200 W. Figure 19 displays the bright-field TEM image and diffraction
pattern for the 300 W sample.

Figure 1: Optical micrographs of pillars processed with CO2 laser at 300 W (left) and 600
W (right) showing the deposits are millimeters in height.
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Figure 2: Comparison of carbon composition (wt %) based on the location on the sample
for the samples processed with CO2 laser at 300 W and 600 W.
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Figure 3: XRD of LACF ultra-fast deposited pillars processed with CO2 laser at (a) 300
W and (b) 600 W.
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Figure 4: XPS of LACF ultra-fast deposited pillars processed with CO2 laser at (a) 300
W and (b) 600 W.

139

(a)

(b)
Figure 5: Bright-field TEM image with SAED pattern inset for particles from LACF
ultra-fast deposited pillars processed with CO2 laser at (a) 300 W and (b) 600 W.
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Figure 6: SEM image of LACF ultra-fast deposited pillars processed with CO2 laser at
400 W and 700 W laser powers.
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Figure 7: XPS of LACF ultra-fast deposited pillar processed with CO2 laser at 400 W
which compares the results from (a) the inner “core” and (b) outer “shell” of the pillar.

142

A

B

(a)

B

A

(b)

(c)

Figure 8: SEM images of LACF ultra-fast deposited pillar processed with CO2 laser with
O2:C2H2 ratio of 250:320 showing (a) the entire cross-section showing inner “core”
labeled “A” and outer “shell” labeled “B”, (b) higher magnification image of dense core,
and (c) higher magnification of outer shell.
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Figure 9: XRD of WC substrate with base material of LACF ultra-fast deposition at C2H2
flowrate 320 sccm.

Figure 10: SEM image of the “base” material remaining on the 340 WC substrate
showing horizontally layered material.
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Figure 11: Optical image (left) and SEM image (right) of sectioned 340 substrate
showing possible transition zone in the “base” material.

Figure 12: Composite optical images detailing the microstructure of the pillar after
sectioning (left) and after polishing (right).
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Figure 13: Bright-field TEM image with inset SAED pattern showing hexagonal
structure.

Figure 14: Bright-field TEM image with inset SAED pattern showing definitive ring
structure.
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Table I: D-spacing comparison
Graphite

Graphite

320

340

360

Diamond

Calculated

Measured

sccm

sccm

sccm

Calculated

3.391

3.23

3.29

3.41

3.43

2.09

2.05

1.74

1.67

2.137
2.038
1.808

1.93

1.695

1.59

2.058

1.92

1.553
1.328
1.234

1.22

1.159
1.145

1.259
1.18

1.14

1.12

1.130
1.08

1.04

1.074

0.97

0.8

0.891

0.73

0.71

0.817
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(a)

(b)

(c)
Figure 15: SEM images from (a) vertically focused CO2 laser at 200 W, (b) at 300 W,
and (c) horizontally focused CO2 laser at 500 W.
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Figure 16: XRD comparison of selected samples of discrete particle deposition with
natural diamond powder.
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Figure 17: Bright field TEM image of cross-section of discrete particle deposition on WC
with CO2 laser processing at 200 W. The accompanying speckled ring SAED pattern
comes from the circled area. D-spacings matched diamond and graphite.

Figure 18: Bright field TEM image of cross-section of discrete particle deposition on WC
with CO2 laser processing at 200 W. The accompanying diffuse ring SAED pattern
comes from the circled area. D-spacings matched graphite.
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Figure 19: Bright-field TEM image of cross-section of discrete particle deposition on WC
with laser processing at 300 W. The accompanying speckled ring SAED pattern comes
from the circled area. Some d-spacings matched to diamond and graphite.
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Materials Characterization
Samples produced at UNL were characterized and the results were analyzed
throughout the year. The samples consisted of continuous thin films deposited by the
CO2 laser-assisted combustion-flame process. The results were separated by combustion
gas composition (O2 + C2H2 + C2H4 and O2 + C3H6). Also, carbon pillars deposited with
the assistance of the CO2 laser were characterized.
Depositions with O2+C2H2+C2H4
The samples were horizontally focused CO2 laser-assisted combustion-flame
(LACF) deposited films on WC substrates. Various parameters were varied which
included the combustion gas ratio (O2:C2H2:C2H4), the flame inner cone to substrate
distance (0.5mm – 1.0mm), and with and without the laser (600W). Optically, the films
appeared continuous, covering a circular area roughly 1 cm in diameter in the center of
the WC substrate. The samples were characterized by scanning electron microscopy
(SEM), x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS). Several
studies were conducted including the effect of the CO2 laser irradiation; the effect of the
flame inner cone to substrate distance; and the effect of the combustion gas composition.
The effect of CO2 laser irradiation on the deposited films was investigated by
SEM and XRD. SEM images from the center of the substrate revealed continuous films
of overlapping crystallites. Regardless of the deposition conditions, the film morphology
changed radially outward from the center of the deposit, from larger grains with
crystalline features toward the center to smaller grains and particles with amorphous-like
features toward the perimeter. Figure 1 shows representative SEM images of the center
of the deposited area. In both cases, the grain size was 1-2 µm. The films deposited with
the assistance of the CO2 laser had a generally larger grain size (Figure 1(a)) when
compared to the film without laser irradiation (Figure 1(b)).
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(a)

(b)

Figure 1: SEM images of LACF films deposited (a) with horizontally focused CO2 laser
at 600 W, and (b) without laser irradiation.

From the SEM images alone it was difficult to determine the effect of the
parameter changes; therefore XRD analysis was conducted. The XRD contained the WC
diffraction peaks along with at least two crystalline, cubic diamond peaks (Figure 2(a)).
The calculated peak for diamond at 43.965° was used for comparison as it was the largest
identifiable peak that was clearly not associated with the WC substrate. As with previous
samples, there was a slight peak shift which was attributed to difficulties with positioning
the sample flat. The WC peaks had the same relative intensity for all the samples which
made straightforward comparisons of the diamond peak possible. For all cases
investigated, the diamond peak intensity increased with the use of the laser. Figure 2(b)
shows the associated XRD spectra within the 2θ range associated with the cubic diamond
(111) planes.
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(a)

(b)
Figure 2: XRD spectra showing the effect of CO2 laser irradiation on LACF deposited
diamond thin films (a) over the entire 2θ range and (b) range associated with cubic
diamond (111).

In addition to investigating the effect of the laser, the effect of the distance
between the WC substrate and the combustion flame’s inner cone was studied. XRD and
XPS were used to characterize the effect. Figure 3 shows XRD spectra from samples
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deposited with a flame inner cone to substrate distances of 0.5 and 1.0 mm, respectively.
The combustion gas was held constant at O2:C2H2:C2H4 = 1280:650:700 sccm. At both
distances the diffraction peak intensity increased with the addition of the CO2 laser.
However, the change in the diffraction peak intensity with the change in distance was
minimal. Figure 4 presents the XPS spectra of the C 1s electron for each condition. The
spectra exhibited shoulders at higher binding energies and were resolved by two curves.
The lower binding energy peak was located at 285 eV and identified as C-C bonding
associated with sp2 bonding. The higher binding energy peak, at ~286.1 eV was
identified as C-C bonding associated with the sp3 bonding found in diamond.
Comparison of the data revealed little difference in the samples from a chemical bonding
stand point. This was evidenced by the fact that the shape and intensity of the spectra
were very similar.

Figure 3: XRD spectra from LACF films deposited at varying flame inner cone to
substrate distances.
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Figure 4: XPS spectra from samples with varied flame inner cone to substrate distances.

The effect of the combustion gas composition was investigated by XRD and XPS.
Specifically, the effect of changing the partial pressures of C2H4 and O2 in the
combustion gas was studied. The O2:C2H2 ratio was held constant at 1280:650 sccm and
the C2H4 flow rate was varied between 650 and 700 sccm. Figure 5 shows the
comparison of the XRD spectra for the cubic diamond (111) diffraction peak. Regardless
of C2H4 flowrate, the inclusion of the CO2 laser irradiation increased the diffraction peak
intensity. These results were in agreement with the film morphology results from the
SEM images as the film deposited with the laser had a larger grain size which results in a
sharper, more intense peak. The increase in the C2H4 flowrate increased the intensity of
the cubic diamond diffraction peak regardless of whether the laser was included.
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Figure 5: XRD spectra of LACF deposited diamond thin films at varying C2H4 flowrates.
The study of the effect of the oxygen partial pressure utilized XRD and XPS. The
C2H2:C2H4 ratio was held constant at 650:700 sccm and the O2 flowrate was at two
levels, 1280 and 1320 sccm. The effect of changing the O2 partial pressure in the
combustion gas, with and without the laser, was evident in XRD spectra from the
appropriate samples (Figure 6). With the laser, a lower partial pressure of oxygen
resulted in a more intense diamond diffraction peak. Without the laser, a higher partial
pressure of oxygen produced a more intense diamond peak. The XPS results (Figure 7)
confirmed that the film had a significant amount of diamond in that the C 1s spectra for
all the samples exhibited a noticeable shoulder at a higher binding energy. As such, each
spectrum was again resolved by two curves, 285.0 eV (sp2) and 286.1 eV (sp3). The 1.1
eV difference corresponds to the generally accepted difference from the literature. A
comparison of the percentage of the area under the fitted curve attributed to sp2 and sp3
components revealed each sample (laser and no laser) to have essentially the same values.
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Figure 6: XRD spectra of LACF deposited diamond thin films at varying O2 flowrates.

Figure 7: XPS spectra from films deposited at different oxygen flowrates.
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A diamond film deposited at UNL was masked with kapton tape and exposed to Ar and
O2 plasmas in the reactive ion etcher (RIE) at different etch conditions to determine what,
if any, morphological effects would result. The diamond film was deposited for 21
minutes by the LACF process with a horizontally focused CO2 laser at 500 W and
process gas mixture of O2:C2H2:C2H4 = 1250:1000:400 sccm. After exposure to the
plasma in the RIE there were four separate areas of the film which were observable
through light microscopy and corresponded to the four etch conditions. Figure 8 below,
shows the four areas labeled with the etch condition (UE = un-etched, AO = Argon only,
ATO = Argon then oxygen, and O2O = Oxygen only).

Figure 8: Digital micrograph of CO2 laser-assisted combustion-flame deposited diamond
film after exposure to Ar and O2 plasmas. The areas are labeled with the corresponding
etch condition (UE = un-etched, AO = Argon only, ATO = Argon then oxygen, and O2O
= Oxygen only).

The oxygen plasma had the greatest effect qualitatively on the film and removed
the “soot” material on that portion of the substrate. Figure 9 shows SEM images from
various areas of interest. The argon plasma appeared to have little effect on the film as
the SEM images were very similar to images of the un-etched film as seen in Figure 9(b)
and Figure 9(a) respectively. The image of the O2O area (Figure 9(c)) revealed “defects”
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in the surface of the film (“pin holes”) which were most likely caused by the concurrent
chemical and physical etching of the film. The argon plasma followed by the oxygen
plasma did not appear to have an additive effect as shown in Figure 9(d).

(a)

(b)

(c)

(d)

Figure 9: SEM image of diamond thin film exposed to (a) no post-deposition plasma, (b)
argon only plasma, (c) oxygen only plasma and (d) argon followed by oxygen plasma.

The cross-section of diamond films deposited by a horizontally focused CO2
laser-assisted combustion-flame method at UNL was investigated using SEM. The
objective was to determine the effect of the horizontally focused CO2 laser on the
thickness, and subsequently, the deposition rate of the films. Figure 10 shows a
representative SEM image. The surface of the WC substrates and the diamond film were
too rough and uneven for thickness measurements with the standard stylus profilometer.
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The WC substrates were sectioned using a diamond wafering blade and a low speed saw.
The diamond film remained intact during the sectioning with the exception of a few areas
near the cutting edge. The previous study of the films concluded that the laser irradiation
led to larger diamond grains. That result was neither confirmed nor denied by the crosssection images. In general, the thicknesses of the films deposited with and without the
CO2 laser were between one and two microns thick, allowing for discrepancies from
sample tilt and uneven topography. Also, the interface between the film and the substrate
appeared to be smooth with no transition area readily apparent. Overall, it was
determined that the adherence of the diamond films was adequate to survive cutting of
the WC substrate for further characterization.

Figure 10: SEM image of cross-section of LACF deposited diamond film and WC
substrate.

Carbon pillars
Samples from UNL included a carbon pillar deposited by the O2/C2H2
combustion-flame method and a sample of soot from the combustion of C2H2. XRD and
XPS analysis was completed on the pillar and soot. The XRD results are shown in Figure
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11. The XRD spectrum of the soot, which was still on the WC substrate, displayed a
broad peak near 26° and several peaks associated with WC that are labeled on Figure 11.
The broad hump was in the area of the characteristic peak for the diffraction of the (002)
planes of hexagonal graphite. The XRD spectrum obtained from along the side of the
carbon pillar showed four characteristic peaks for hexagonal graphite. The most intense
peak occurred near 26° of 2θ. It was concluded that the pillar was similar to the ultra-fast
deposited pillars and composed of crystalline graphite. The soot was composed of an
amorphous graphitic phase.
XPS analysis of the soot required removal from the WC substrate. The soot was
scraped from the substrate surface and onto carbon tape onto a sample stub for analysis.
The soot was pressed down and covered the entire surface of the tape. Figure 12 shows
the XPS results for the soot and carbon pillar. The C 1s spectrum taken from the soot
produced a peak near 285 eV that exhibited a one curve as seen in Figure 12(a). The C 1s
spectrum from the pillar exhibited a slightly broadened peak centered near 285 eV
resolved by one curve and was determined to be graphitic as seen in Figure 12(b).

Figure 11: XRD comparison of combustion soot and carbon pillar.
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(a)

(b)
Figure 12: XPS C 1s spectra from (a) C2H2 combustion soot and (b) carbon pillar
deposited by a combustion-flame method.

To further characterize the ultra-fast deposited combustion flames, representative
samples were sent to the Air Force Research Labs (AFRL) for nanoindentation. The
mechanical properties of hardness and modulus of the samples was determined. Table 1
summarizes the results. Figure 13 shows the samples and the areas tested by
nanoindentation. The experimental values were relatively close to standards for graphite
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and WC. The results confirmed the XRD analysis that determined the carbon pillars to
be graphite.

Table 1: Mechanical properties of ultra-fast deposited carbon pillars as determined by
nanoindentation
Sample

Location

E, GPa

H, GPa

340-1

Pillar Base

11.1

0.6

340-2

Pillar Base

10.8

0.6

340-3

WC Substrate

607.1

26

340P-1

Pillar (center)

3.4

0.2

320-1

Pillar Base

7.8

0.4

320-2

WC Substrate

567

26.9

S1-1

Pillar (center)

13

1.9

S3-1

Pillar (center)

5.7

0.7

Note: E and H are average over depth 400 ~ 500 nm

340

340P
1
1

2
3

S1

S3

320
1

1

1

2

Figure 13: Digital micrographs of nanoindentation samples.

Depositions with O2 + C3H6
The samples were horizontally focused CO2 laser-assisted combustion-flame
(LACF) deposited films on WC substrates. These experiments varied the incidence angle
of the combustion-flame relative to the WC substrates as well as the location of the
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incident laser beam on the combustion-flame. The O2:C3H6 gas ratio was held constant at
1420:1250 sccm with the laser power set at 600 W. The flame was either vertical (0°
incidence angle) or tilted (45° incidence angle). The films were characterized by XRD
for phase identification.
When the flames were in the vertical position the distance between the WC
substrate and laser beam was varied. Figure 14 shows the XRD spectra from all laser to
substrate distances (no laser, 1, 3, 5 mm). Figure 14(a) shows the entire 2θ range and
Figure 14(b) shows the spectra in the area of the cubic diamond (111) diffraction peak.
The most intense peaks correspond to the WC substrate. The other major peaks were
identified as various WxOy, CoxWyOz and CoxWyC species. There was a significantly
less intense peak for cubic diamond. Given the signal intensity, there was little evidence
that the CO2 laser irradiation enhanced the diamond deposition. The higher peak
intensity for the cubic diamond peak of the film deposited at a laser to substrate distance
of 1 mm was attributed to the diffractometer conditions being slightly different since the
entire spectrum was shifted to a higher intensity.
The effect of the laser to the combustion-flame nozzle distance was studied with
the 45° tilted flames. Figure 15 shows the XRD spectra from all laser to nozzle distances
(no laser, 0, 0.5, 1.0 mm). Figure 15(a) shows the entire 2θ range and Figure 15(b)
shows the spectra in the area of the cubic diamond (111) diffraction peak. As with the
vertical flames, the most intense peaks were identified as WC and the other oxides and
carbides. The tungsten oxide peaks were more intense when compared to the vertical
flames. Contrary to the vertical flames, the cubic diamond peak was not present. SEM
images of the films did reveal faceted material, which typically has been associated with
diamond peaks on XRD. It was possible that the diamond phase, if present, was too
small and infrequent to be identified where the x-ray beam was focused. Figure 16 shows
representative SEM images of the vertical and 45° tilted flame conditions in an area
closest to that sampled during XRD. The faceted material in Figure 16(b) was much less
evident. Another possibility was that the faceted material was crystalline tungsten oxide.
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(a)

(b)
Figure 14: XRD spectra from LACF deposited film with vertical flames showing (a)
entire 2θ range and (b) range associated with cubic diamond (111).
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(a)

(b)
Figure 15: XRD spectra from LACF deposited film with 45° tilted flames showing (a)
entire 2θ range and (b) range associated with cubic diamond (111).
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(a)

(b)

Figure 16: SEM images from films deposited with (a) vertical flames and (b) 45° tilted
flames.

168
MURI Annual Review 2009
Materials Characterization
Samples produced at UNL were characterized and analyzed throughout the year.
The samples included films deposited by the CO2 laser-assisted combustion-flame
chemical vapor deposition (CVD) process. The effect of the deposition parameters, in
particular the type of substrate and the laser wavelength and power, on the film
morphology, microstructure and phases present was the primary focus of the work.
Additionally, the effect of the laser energy on the film nucleation and growth was also
investigated. The samples were characterized with optical microscopy, scanning electron
microscopy (SEM), X-ray diffraction (XRD), micro-Raman spectroscopy, and scanning
transmission electron microscopy (STEM) of cross-sectional specimens prepared using a
focused-ion beam (FIB) system.
Laser wavelength and substrate effect
The samples were deposited on WC and silicon substrates for 30 minutes using a
O2/C2H2/C2H4 gas precursor (O2:C2H2:C2H4 = 1200:620:620 sccm) and a tunable CO2
laser. The laser power was 400 W and the wavelength was 10.532 µm. The wavelength
was tuned to match the resonant frequency of the CH2-wag vibrational mode of the C2H4
molecule. Optical micrographs of the as-deposited films are shown in Figures 1 and 2.
The films deposited without the laser (Figures 1(a) and 2(a)) exhibited an approximately
1 mm circular area directly beneath the flame that was dark in color, which was soot-like
in appearance. The dark area, labeled in Fig 1(a), was not apparent when the laser was
used. It should be noted that deposit was circular in all cases except for the film
deposited with the laser on silicon (Figure 2(b)) which had a non-uniform shape.
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(a)

(b)

Fig. 1. Optical micrographs from films deposited on WC substrates (a) without laser
irradiation and (b) with laser irradiation.

(a)

(b)

Fig. 2. Optical micrographs from films deposited on Si substrates (a) without laser
irradiation and (b) with laser irradiation.

The phases present in the films were investigated using both XRD and microRaman spectroscopy. Figure 3 shows the XRD spectra for films on both WC and Si with
a more detailed view of the diamond (111) diffraction peak inset. The XRD spectra from
the films deposited on WC shown in Figure 3(a) exhibited diffraction peaks from the
substrate as well as from cubic diamond (111) (~44°) and (220) planes (~76°). The inset
view shows the peak was slightly more intense and broader for the film deposited without
the laser. The higher peak intensity was indicative of more diamond material diffracting
the x-ray beam. However, there are other factors that affect the peak intensity, including
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the surface topography of the sample and other instrumental factors such as beam
intensity and alignment. Figure 3(b) shows the XRD spectra from the films deposited on
silicon substrates. Again, the diamond (111) and (220) planes were apparent. The
additional peak (~52°) and broad hump (~55°) were artifacts from the silicon substrate.
From the inset view it was clear that the diamond (111) peak was significantly more
intense, but also broader, without the laser irradiation. The sharper diffraction peak from
the films deposited with the laser was indicative of a larger grain size.
Figure 4 shows the Raman spectra from the films deposited on both WC and Si.
As seen in Figure 4(a), the first order Raman peak for diamond was clearly evident in the
film deposited with the laser and less evident in the film deposited without the laser
irradiation. The spectra from the film deposited without the laser had a significantly
higher non-diamond (graphitic) component in agreement with Fig 2(a) that showed a
large dark spot in the middle of the sample. Figure 4(b) details the Raman spectra from
the films deposited on silicon that shows a sharp peak associated with diamond in the
film deposited with laser irradiation. The film deposited without the laser exhibited a
broad band located at approximately 1550 cm-1. The band is known as the G-band and
associated with the non-diamond, amorphous graphitic carbon phase in the film. The
Raman results suggested that the addition of the tuned CO2 laser was beneficial to the
deposition of the diamond phase, regardless of the substrate. The Raman and XRD
results differ in the relative amount of diamond detected, but the micro-Raman tests a
much smaller area of the film which may account for the differences.
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(a)

(b)
Fig. 3. XRD spectra demonstrating the effect of CO2 laser irradiation with 2θ range
associated with cubic diamond (111) inset on (a) WC substrates and (b) silicon substrates.
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(a)

(b)
Fig. 4. Raman spectra of the diamond films showing the laser irradiation effect on (a)
WC substrates and (b) silicon substrates.

STEM specimen were produced from each film using a dual beam FIB/SEM
system by milling out a section of the film and substrate and attaching that piece to a
copper grid. Figure 5 shows dark-field (DF) STEM images from the films deposited on
WC. The image from the deposit without the laser (Fig 5(a)) showed a polycrystalline
film approximately 2 µm in thickness with grains less than 1 µm in size. The grains
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nearest the substrate/film interface appeared to be smaller than those nearer to the surface
of the film. In Fig 5(b) the film deposited with the laser is 4 µm in thickness with some
grains approaching 2-3 µm in size. The grains near the substrate/film interface appeared
smaller and more randomly orientated, while several larger columnar grains were
apparent toward the film surface. In terms of film nucleation, the substrate/film interface
was very sharp with little interaction between the film and substrate. The smaller, darker
particles near the interface were determined to be artifacts from ion milling during the
sample preparation. The difference in thickness was attributed to the fact that the sample
from the film deposited without the laser was from the edge of the deposit area where the
film was thinner than in the area closer to the center.

(a)

(b)

Fig. 5. Dark-field STEM images from the diamond films deposited on WC (a) without
CO2 laser irradiation and (b) with CO2 laser irradiation.
Figure 6 shows the STEM images from the films deposited on silicon. There
were similar features in the images from the films deposited on silicon when compared to
the films on WC substrates, namely the increase in grain size from the substrate to the
film surface. Both films were ~3 to 4 µm in thickness, but with different microstructures.
The film deposited without the laser (Fig 6(a)) appeared to have grains with several
defects (twins), with some oriented parallel to the substrate surface. The grains in the
film deposited with the laser (Fig 6(b)) were columnar and appeared to have fewer
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defects. There was a defect from sample preparation in the center of the specimen which
made grain morphology and microstructure difficult to discern. The STEM results
indicated the use of the tuned laser resulted in a change in the growth morphology of the
films, especially for the films deposited on silicon substrates.

(a)

(b)

Fig. 6. Dark-field STEM images from diamond films deposited on Si substrates (a)
without CO2 laser irradiation and (b) with CO2 laser irradiation.
Laser wavelength and power effect
Films were deposited on WC substrates for 15 minutes using a O2/C2H2/C2H4 gas
precursor (O2:C2H2:C2H4 = 1200:620:620 sccm) and a tunable CO2 laser. The untuned
laser wavelength was 10.591 µm (which is typical for a CO2 laser) and the resonant
excitation matched, tuned wavelength was 10.532 µm. The laser powers were 100, 400
and 800 W along with a film deposited without laser irradiation for comparison.
The deposited films covered a circular area, in the center of the WC substrate,
approximately 10 mm in diameter. Plan view SEM images of the aforementioned area
are shown in Figures 7 and 8. Fig. 7 shows the films deposited at each of the laser
powers with the untuned CO2 laser wavelength of 10.591 µm and the film deposited
without laser irradiation for comparison. The films were continuous and consisted of
overlapping, randomly oriented faceted crystals at all process conditions. The small,
white particles on the surface of the films were identified as cobalt, which is used as a
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sintering agent for WC, and most likely was redeposited from the substrate. The grain
size of the film deposited without the CO2 laser was approximately 1 µm. This was a
lateral approximation to gain a qualitative comparison of the grain size between the
various deposited films. At the lowest level of laser power (100 W, Fig. 7(b)) there was a
noticeable increase in the grain size. When the laser power was increased to 400 and 800
W, Fig 7(c) and (d) respectively, the grain size increased to larger than 2 µm. The
increase in surface grain size for the same deposition time indicated that the addition of
the CO2 laser irradiation promoted grain growth in the film.

(a)

(b)

(c)

(d)

Fig. 7. SEM micrographs of as-deposited films, processed with the CO2 laser wavelength
of 10.591 µm and a laser power of (a) no laser, (b) 100 W, (c) 400 W and (d) 800 W.
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Fig. 8 shows the films deposited at each laser power with the tuned CO2 laser
wavelength of 10.532 µm. In general, the films were similar in appearance to the films
deposited with the laser wavelength of 10.591 µm in that the surface consisted of
randomly orientated, overlapping faceted crystals with cobalt particles present on the top
surface. The image of the film deposited without laser irradiation is included for
comparison (Fig. 8(a)). Fig. 8(b) shows the film deposited at 100 W in which the grain
size increased to approximately 1-2 µm versus the no laser case, though not as much as
the film deposited with 100 W at 10.591 µm. The films deposited with a laser
wavelength of 10.532 µm at 400 and 800 W, Fig. 8(c) and 8(d) respectively, had grain
sizes that increased to greater than 2 µm and as much as 5 µm. Comparing the grain
sizes of the films deposited at different laser wavelengths revealed that the tuned 10.532
µm condition resulted in significant grain growth, especially at the higher laser powers
(400 and 800 W). The SEM results agreed with the UNL studies indicating resonant
excitation of the gaseous precursors could increase the population of excited species
responsible for diamond formation. If the manifestation of successful energy coupling is
an increase in grain size for the same deposition time, then it follows that the 10.532 µm
wavelength would produce larger grains since it is closer to the absorption band
associated with the CH2-wag vibrational mode of the C2H4 molecule.

(a)

(b)

Fig. 8. SEM micrographs of as-deposited films, processed with the CO2 laser wavelength
of 10.532 µm and a laser power of (a) no laser, (b) 100 W, (c) 400 W and (d) 800 W.
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(c)

(d)

Fig. 8. (Continued) SEM micrographs of as-deposited films, processed with the CO2 laser
wavelength of 10.532 µm and a laser power of (a) no laser, (b) 100 W, (c) 400 W and (d)
800 W.

Summary
The concept of multi-energy processing was investigated by coupling the energy
from CO2 laser irradiation with a combustion flame. Diamond thin films were deposited
on WC and Si substrates by a CO2 laser-assisted combustion-flame method. Subsequent
characterization by various methods determined the effect of the CO2 laser irradiation
(wavelength and power) on the deposited films, specifically film surface morphology,
phase, and film quality. It was concluded that regardless of power or wavelength the
addition of the energy from the CO2 laser was beneficial as the deposition area was more
uniform and the film grain size increased. The diamond x-ray diffraction and Raman
peaks were usually more intense when laser irradiation was used, indicating a greater
amount of a diamond phase was detected. It was determined that for a given wavelength,
when the laser power was increased the grain size increased, the diamond x-ray
diffraction peak was more intense and the characteristic diamond Raman peak was
sharper and more evident. For a given power, comparisons were made between the two
different laser wavelengths. In general, the film grain size was larger, the diamond
diffraction peak intensity increased and sharpened, and the Raman diamond spectra was
more dominant when the films were deposited with a 10.532 µm tuned CO2 laser
wavelength than with an untuned 10.591 µm CO2 laser wavelength.
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